Synthesis of porous, magnetic chitosan beads and application to cadmium ion adsorption by Rorrer, Gregory L. & Way, J. Douglas
AN ABSTRACT OF THE THESIS OF
Hsien Tzu-Yang for the degree of Master of Science in
Chemical Engineering presented on July 27, 1992
Title :Synthesis of Porous, Magnetic Chitosan Beads and Application to
Cadmium Ion Adsorption
Abstract approved :
Dr. Gregory L. Rorrer & Dr. J. Douglas Way
Recently chitosan powder and other forms of chitosan have been studied
and applied to the recovery of heavy metal ions from the environment. However, the
other forms of chitosan have limitations such as a non-porous structure, high solubility in
acid solution and difficulty to recover and reuse.
Through the use of the a spinnerette casting apparatus and a specific drying
method, different sizes of highly porous magnetic chitosan beads were produced. From
nitrogen physical adsorption, the surface area of the 1 mm beads and 3 mm chitosan
beads were 155.7 and 93.7m2 /g beads respectively and the porosity, by mercury
porosimetry, was 85.8 % and 95.4 % respectively. Chitosan beads crosslinked with
glutaraldehyde were sparingly soluble in pH 2.36 acetic acid solution. The magnetic
chitosan beads can be easily recovered from the contaminant site and can also be applied
to a magnetic stabilized bed. These developments have not only overcome the limitations
of other forms of chitosan powder and flake but have also significantly enhanced the
adsorption capacity of chitosan derivatives.
The adsorption kinetics of the 1 mm and 3 mm beads were measured in an
isothermal stirred tank contactor. The loadings of the 1 mm beads were 5.881, 142.1 and
442.3 mg Cd / g beads at the cadmium concentrations of 13.44, 446 and 1681 mg Cd / L
respectively. The loadings of the 3 mm beads were 5.055, 113.2 and 186.2 mg Cd / g
Redacted for privacybeads at these three different cadmium concentrations. The adsorption isotherms of the
chitosan powder, flake,1 mm beads and 3 mm beads were also established and
compared by two different methods; the stirred tank method and the shake flask method.
Additionally, the loading between chitosan beads and an ion exchange resin
( Rohm & Haas Amberlite IRC-718 ) was compared. The ion exchange resin has a higher
cadmium loading than the chitosan beads at the low initial concentration; however, an
erroneously high cadmium loading may be due to the precipitation of cadmium hydroxide
by a pH increase up to 9.5. The ion exchange resin has the highest cadmium loading at
the high initial concentration. The chitosan 1 mm beads have greater capacity than the
ion exchange resin at the medium initial concentration range.
From the performance in highly porous internal structure, the great surface area,
the stability in acid solution and high cadmium loadings on 1 mm beads,it found that
the chitosan 1 mm beads was an excellent adsorbent.
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xiSYNTHESIS OF POROUS, MAGNETIC CHITOSAN BEADS
AND APPLICATION TO CADMIUM ION ADSORPTION
Chapter 1
INTRODUCTION
Recently a number of countries have established high standards for drinking water
as well as industrial effluent water quality. The effect of accumulation and distribution of
heavy metals in the environment is of particular concern because they can not be
naturally degraded. Research has focused on developing methods such as chemical
precipitation, ion exchange, membrane separation and adsorption to remove and dispose
of toxic heavy metals from water ( Yang et al. 1984 ). Ion exchange processes remove
heavy metal ions by concentrating them onto a negatively charged resin. Adsorption
processes work in a similar manner, but the interaction between the metal ion and the
adsorbent is not as specific. Ion exchange resins and nonspecific adsorbents such as
activated charcoal become ineffective when the metal concentration drops below a few
ppm ( Muzzarelli et al. 1989 ). However, Muzzarelli ( 1971) and other researchers
reported that chitosan is useful for the adsorption of trace transition metals from natural
water even when sodium, magnesium, or other alkali ions are present.
Chitosan is an abundant, inexpensive polysaccharide that possesses several
desirable adsorbent characteristics. Chitosan has very high capacity for transition metal
ions over a wide range of pH values. Even under sudden and drastic alterations of ionic
force and temperature, chitosan does not swell upon interaction with solutes and still
keeps thermally stable. However, flaked or powdered chitosan has inherent limitations
including a non-porous structure and solubility in dilute acid solution. Also, it is difficult
to remove the metal-adsorbed chitosan from the environment if it is added directly to the
contaminant site.2
To overcome these limitations, it is desirable to produce chitosan beads having a
highly porous internal structure. Through a crosslinking process, the solubility of the
beads in acid solutions can significantly reduced. Also, the development of magnetic
chitosan beads can facilitate retrieval of the beads form the contaminant site. Chitosan
beads could also be used in a magnetically magnetic stabilized bed.
This research has three goals. The first goal is to synthesize different sizes of
highly porous chitosan beads. The second goal is to study the adsorption kinetics in a
well-mixed batch adsorption process. The third goal is to compare the adsorption
isotherms of four chitosan adsorbents :1 mm beads, 3 mm beads, flake, and powder.
The specific objectives of this thesis are to :
1. Design a casting apparatus to produce different sizes of porous magnetic chitosan
beads.
2. Determine which drying methods improve the internal porous structure of the bead.
3. Design a well-mixed batch adsorption experiment to measure the loadings of cadmium
ions on chitosan adsorbents.
4. Study adsorption kinetics by the batch adsorption experiment.
5. Determine adsorption isotherms for cadmium ions on 1 mm beads, 3 mm beads,
chitosan flake, and chitosan powder.
6. Compare the adsorption capacity of the chitosan beads with a commercial ion
exchange resin ( Rohm & Haas Amber lite IRC-718 ).3
Chapter 2
LITERATURE REVIEW
This literature review considers chitosan properties, preparation and crosslinking
chitosan adsorbents, adsorption of metal ions on chitosan, and metal ion desorption.
2. 1. Chitosan Properties
Chitin is nature's second most abundant polymer next to cellulose. Chitosan isa
high molecular weight, linear polymer composed of 2-amino-2-deoxy-D-glucose
residues with a structure similar to cellulose. Chitosan is produced by deacetylation of
chitin.Chitosan is insoluble in water, but it is very soluble in dilute formic and acetic
acid. The unique solubility, solution properties, polyelectrolyte character, physical
attributes make chitosan an attractive polymer for many commercial applications
( Sandford et al. 1987 ).
Muzzarelli ( 1971) claimed that metal ion and adsorption capacity and selectivity
are due mainly to the amine group on each anhydroglucose unit of the chitosan polymer
chain. Other investigators reported that chitosan contained both amine and hydroxyl
groups which may be modified to give a wide range of derivatives ( Roberts et al. 1989 ).
Recent studies showed that chitosan or chitosan derivatives chelate with metal ions and
release hydrogen ions. Because of its excellent adsorption properties, chitosan could be
used to separate, concentrate, and purify heavy metals from hydrometallurgical
processes ( Inoue et al.1988 ).4
2. 2. Preparation of Chitosan Adsorbents
Chitosan Solution
Most literature studies reported that chitosan solution consisted of chitosan
powder dissolved aqueous acid solution. Chitosan powder was prepared by grinding
chitosan flake in a Wiley mill ( 0.5 mm mesh screen ), followed by washing, drying and
sieving ( Yang et al. 1984 ). Seo and Kinemura ( 1988 ) dissolved chitosan powder into
4 % aqueous acetic acid solution to give 312 % ( w/v ) of chitosan dope. Bodmeir et
al.( 1989) prepared chitosan solution dissolving chitosan powder ( 1 % w/w ) into
dilute acetic acid ( 1 % ).
Yen et al. ( 1981) prepared chitosanmagnetite solution by dissolving chitosan
powder in acidified aqueous solution containing a mixture of ferrous chloride and ferric
chloride. The ion chlorides hydrolyzed to form the ion hydroxides and then dehydrated to
the most stable form, magnetite, while the pH of solution raised to 7.0.
Casting of Chitosan beads
Chitin solution was cast into beads by blowing the solution through a nozzle
( 0.15 mm and 0.2 mm ) and into a NaOH methanol solution. The newly formed
porous beads were washed by hot and cold water successively. Bead diameters ranging
from 0.18 mm to 0.8 mm were produced from the 0.15 mm nozzle, and bead diameters
ranging from 0.54 mm to 1.00 mm were formed from nozzles of 0.2 mm diameter
( Nishimura et al. 1986 ). Seo and Kinemura ( 1988 ) reported a similar process where
chitosan dope was blown into NaOH ethanol solution at room temperature by
compressed air through a nozzle.5
The diameter of beads was controlled by varying extrusion rate of chitosan dope
and the diameter of the nozzle. Additionally, the porosity of beads was adjusted by
regulating the rate of coagulation. Roberts and Taylor ( 1988 ) suggested that addinga
surfactant to the chitosan solution can overcome the adhesion between beads during the
casting process.
Cross Linking of Chitosan Polymer Chains
Yang et al.( 1984 ) reported a procedure for chemically crosslinking linear
chitosan chains with glutaraldehyde. Chitosan powder was added to a 25 %aqueous
glutaraldehyde solution ( 0.5 mL to 1 g chitosan ) and then kept at 25 ° C for 2 hours with
occasional stirring. The mixture was filtered and the product was washed several times
with water and finally with ethanol. Roberts and Taylor ( 1989 ) proposeda mechanism
for the crosslinking process. The unsaturated aldehydegroups give Michaeltype
adducts upon reaction with amino groups instead of formation ofa Schiff s base
( Figure 2.1 ). Cross linking process reduced solubility without sacrificing the high
hydrophilicity and also further improved the adsorption capacity.
Drying of Chitosan Beads
The literature reports a few methods for removing water from chitosan beads
formed by the casting process. Bodmeir et al.( 1989 ) showed that the drying of gel
like beads was accomplished by either freeze drying or airdrying for 24 hours followed
by oven drying of 60 ° C for 6 hours. The aim of this processwas to produce highly
porous structures during drying. The freeze drying method was the best method for
removal of water.6
NH2
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(CH2)4
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CHO
NHCONH2
(CH2)4
NHCO..
NH2
NHCO
(CH2)4
NHCO
Figure 2.1 Preparation of Cross-linked Chitosan from Chitosan and
Glutaraldehyde.7
In freeze drying, water is sublimed from a frozen substance. It is necessary that
the temperature of the sublimation zone in the material being freezedried is held below
the triple point temperature of the water ( King, 1971 ). The prominent advantage of this
drying process is the structural rigidity afforded by the frozen material at the surface
where sublimation occurs. This rigidity prevents the collapse of the solid matrix during
drying. The reduced shrinkage results in a highly porous structure which facilitates vapor
escape during the drying process, enabling rapid adsorption during rehydration.
2. 3. Metal Ion Adsorption
Literature studies on the adsorption of metal ions on chitosan are summarized in
Table 2.1. The adsorption process of the metal ions onto chitosan depended on the
following parameters :chemical modification of chitosan ( crosslinking and derivation ),
particle size and porosity, pH, temperature, and presence of competing ions ( alkali or
alkaline earth metals ). Crosslinking of chitosan with an aqueous glutaraldehyde solution
improved mercury ion adsorption capacity ( Delben and Muzzarelli, 1989 ). As the
chitosan powder size decreased, the uptake of chromium ( III) ion increased
( Maruca and Wightman, 1982 ). The optimum pH of the metal ion solution was
between 4 and 9 ( Jha et al.1988, Udaybhaskar et al. 1990 ). For example, the removal
of cadmium ion increased from 40 % to 80 % between pH 4 and 8.3. A sharp increase in
the removal of hexavalent chromium was observed when the pH was increased from 5 to
6. The effect of temperature on adsorption was not very significant
( Mckay et al. 1989 ).However, for exothermic adsorption, the increase in temperature
( AT = 35 ° C ) resulted in a 27 % decrease in mercury loading ( Mckay et al. 1986 ). The
selectivity of metal ions onto the chitosan adsorbents is : Hg+2 > U+2, Cu+2 > Cr+3,
Cd+2>Pb+2>Zn+2>Mn+2>Co+2>Ni+2>Mg+2>Ca+2 ( Sakaguchiet al.
1981, Choi et al. 1983, Yang et al. 1984 & Mckay et al. 1989 ).But there is aTable 2.1 Summary of literature review on metal ion adsorption.
Type of Chitosan
Adsorbent
Metal Ion Adsorption
Capacity
Adsorption ConditionAdsorption Model Reference
850 pm, uncrosslinked
chitosan flake
Hg+2, Cd+2 Pb+2
Zn+2
,Co
44,
Cr
+3',
+2 +2 +3 Cu ,Ni ,Fe
Mn+2,Ag+2,Au+3,
Pt+4
,Pd+2
,Mo+6
1 g chitosan flake / 50
100 ml solution, initial
concentration : 20m
mole
Masri et al. 1974
850 pm, uncrosslinked
powder
NI+2.
.30 mg g
-1 chitosan packed column Randall et al. 1979
uncrosslinked chitosan
flake
Cu +2 0.05 g chitosan / 200
mL solution, 7 days for
equilibrium
Blair et al. 1980
uncrosslinked chitosan
powder
Pb+2,Cr +3 0.1 g chitosan / 50 mL
solution, pH = 4.85.0
for Pb+2,pH = 3.5
5.1 for Cr+3,24 hours
for equilibrium
Eiden et al. 1980
chitosan phosphate L1+2»Cu+2>Cd+2
> Zn+2> Mn+2>
i+2 Co+2> N> Mg+2
>Ca+2
0.05 g chitosan
phosphate / 50 ml
solution, initial
concentration : 104 M,
25 °C, pH = 5.0
Sakaguchi et al.1981
< 0.42, 0.411.00,
2.00 4.00 mm ,
uncrosslinked chitosan
powder
Cr +3 0.1 g chitosan / 50 mL
solution, pH = 5.0
7.0, 24 hours for
equilibrium
Maruca and Wightman,
1982
00Table 2.1( continued )
Type of Chitosan
Adsorbent
Metal Ion Adsorption
Capacity
Adsorption ConditionAdsorption Model Reference
crosslinked chitosan
powder
Cu+2,Cd+2,Zn+2,
Ni2+3
I,Fe
Langmuir equation Kazuya et al. 1987
uncrosslinked chitosan
powder
Cd+2, 99 % removalchitosan / electrolyte
mol ratio of 1.14 :1,
initial concentration :
20 40 ppm
Wei et al.1987
190 p.m, uncrosslinked
chitosan powder
Cd +2 :6.4 mg g -1 for
328 pin chitosan
powder
0.1 g chitosan / 200 mL
solution, initial
concentration :125
ppm, 25 °C, pH = 3.0
7.0, 24 hours for
equilibrium
Freundlich equation Jha et al. 1988
106 pm, acetylation
chitosan
Cu +2 0.05 g chitosan / 25 mL
solution, 25 °C, 72
hours for equilibrium
Kurita et al.1988
uncrosslinked chitosan
powder
Hg+2, Cd+2, Cu +2:
90 % removal after 1
min, Pb+2
.
.90 %
removal after 90 min
Lopez et al. 1988
N carboxymethyl
chitosan
Cu+2, Pb+2, Cd +2,
CO2 +.+2 ,NI
Delben and Muzzarelli,
1989
diameter range : 710
1000 pm,
uncrosslinked chitosan
powder
Hg +2 :815 mg g -I
Cu +2, : 222 mg g -11
Ni +` :75 mg g -1
Zn +2 :164 mg g -1
0.1 g chitosan / 0.05
mL solution, initial
concentration :5
1000 ppm, 25 °C 60
°C, 714 days for
equilibrium
Langmuir equation Mckay et al. 1989
OTable 2.1( continued )
Type of Chitosan
Adsorbent
Metal Ion Adsorption
Capacity
Adsorption ConditionAdsorption Model Reference
N
( 0 Carboxybenzyl )
chitosan, N
( Carboxymethyl )
chitosan
Co+2, .
,NI+2
,Cu+2,
Cd+2Pb+2
,U+2 ,
initial concentration :
200 500 ppm
Muzzarelli and Tanfani,
1982
uncrosslinked chitosan
powder
Hg+2pb+2cd+2
Cr+6
pH = 2.57.0 Choi et al. 1983
uncrosslinked chitosan
powder
Cd+2, Zn+2 Suder et al. 1983
chitosan solution +2.+2 Cu ,NI Cu+2 for pH= 5.0
Ni+2for pH = 6.2
Park et al.1984
mean diameter :0.315
mm, uncrosslinked
chitosan powder
Cu +2 > Cr+3 = Cd+2
Pb +2 > Zn+2
0.5 g chitosan / 20 mL
solution, 25° C,
p11 = 6.0
Langmuir equation Yang et al. 1984
chitosan. HCI,
epichlorohydria
crosslinked chitosan
.HCI
Cu+2,Pb+2,Cd+2,
Hg+2, Cr +2+2 ,U
Kimand Choi et al.
1985
crosslinked chitosan
powder
Pb+2, Cu+2, Cd+2,
Ag+,Hg+2
pH = 4.06.0 Kentaro et al. 1986
15011m, uncrosslinked
chitosan powder
Cu+2 0.05 chitosan / 25 mL
solution, pH = 5.2, 3
days for equilibrium
Koyama and Taniguch,
1986
uncrosslinked chitosan
powder and chitoplex,
N carboxymethyl
chitosan
Cu +2 : 220 mg g -1
+2 _1
Hg :815 mg g
chitosan batch contact
vessel, 25°40 °C, 7
days for equilibrium
External film mass
transfer and
interparticle diffusion
models
Mckay et al. 1986Table 2.1( continued )
chitosan oxidized with
NO2 Ca+2, cd+2, cu+2,
Zn+2,Mg+2
Takahashi et al. 1989
uncrosslinked chitosan
powder
Cr +6 0.075 g chitosan / 150
mL solution, initial
concentration :15
ppm, 25 °C, pH = 3.0
9.0, 12 hours for
equilibrium
Lagergren's equation
Langmuir equation
Freundlich equation
Udaybhaskar et al.
199012
contradictory result for the selectivity of Cd+')and Pb+2ions onto the chitosan
adsorbents in Choi's and Mckay's researches. The presence of calcium, magnesium,
potassium and sodium ions only slightly interfered with the removal of cadmium ions by
chitosan even at concentrations as high as 100 mg / L ( Jha et al. 1988 ).
Most previous studies used Langmuir and Freundlich equations to fit adsorption
data ( Kazuya et al. 1987, Udaybhaskar et al. 1990 ).Studies of the adsorption kinetics
for copper ( II ), chromium ( III) and cadmium ( II ) ions on chitosan powder showed
that the diffusion of metal ions into chitosan was the rate limiting step
( Yang et al. 1984 ). A mechanism for the adsorption of metal ions onto chitosan chains
proposed by Inoue ( 1988) is shown in Figure 2.2.
Based on the previous work for the adsorption of cadmium ions onto chitin or
chitosan, several conclusions can be made. The free amine groups in chitosan are much
better ligands for cadmium ions than are the N acetylated amine groups of chitin. In
other words, the uptake of cadmium ions on chitosan is significantly higher than on
chitin( Suder et al. 1983 ). Crosslinking brings about an enhancement of the binding
ability ( Delben and Muzzarelli, 1989 ). The adsorption of cadmium ions onto chitosan
is pH dependent ( Muzzarelli and Tanfani, 1982 ). The low or zero affinity of Ca ( II )
ions for chitosan does not have a significant effect on the removal of cadmium ions by
chitosan ( Jha et al.1988; Delben and Muzzarelli, 1989 ).
2. 4. Metal Ion Desorption
Previous studies on desorption of metal ions from chitin or chitosan are
summarized as follows. The elution of mercury ions can be performed by applying 15
mL of 10 mM potassium iodide solution to 6 X 1 cm column containing 1 g of chitosan.
Also, 100 mL of 0.01 M potassium cyanide solution permits 98 % recovery of mercury
ions. Sulphuric acid ( 18 N) is also a good eluent for removing metal ions from13
CH 20H
OH
NH 2
n
M ( 11 )
Figure 2.2 Chelation of Metal Ion ( II ) with Chitosan.14
chitosan ( Muzzarelli and Rocchetti, 1974 ). Uranium ions adsorbed on chitin phosphate
can be easily desorbed with dilute sodium carbonate solution ( 02 M ) or 6 N HC1
solution ( Sakaguchi et al.1981 ). Jha et al. ( 1988 ) studied the desorption of cadmium
ions and found that only 5.5 % desorption took place in distilled water, whereas 88 %
desorption was occurred in 0.01 N HC1 solution. Desorption of chromium ions is
negligibly small in distilled water at pH 4, whereas 57.8, 56.2 and 63.5 % desorption is
observed with 0.01 M NaC1, 0.01 M Na2SO4 and 0.01 N NaOH respectively
( Udaybhaskar et al. 1990 ).15
Chapter 3
EXPERIMENTAL EQUIPMENT AND METHOD
3. 1. Materials
Chitosan in the form of flakes with a 94 % deacetylation was provided by Vansen
Chemical Company. Chitosan is a hydrophilic, cationic polyelectrolyte with a molecular
weight ranging from 2000,000 to 750,000, depending on the degree of acetylation. The
structure of a chitosan unit is given in Figure 3.1 ( Bodmeir, et al, 1989 ).
Chitosan powder was made by chopping chitosan flakes in a food chopper. After
chopping the chitosan flakes, the fragments were sifted through a Wiley screen
( 3001.tm ) and the powder that passed through was stored. The procedure of
preparation of the chitosan flake and powder is listed in Appendix A-1.
3. 2. Beads Synthesis
Apparatus
The bead casting apparatus consists of a peristaltic pump, a spinnerette and an
isothermal tank. The fully instrumented process is illustrated in Figure 3.2. The detailed
design for the spinnerette is also presented in Figure 3.3. To produce spherical liquid
chitosan droplets, thermocouple adaptors are applied to the inner tube (1/16 inch),
located in the center of the secondary tube .CH 2 OH CH 20H
H NH 2 H
Figure 3.1 Structure of Chitosan Unit.
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Figure 3.2 Beads Casting Apparatus.
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Procedure
The chitosan solution was prepared by dissolving the chitosan powder into 4.2 %
acetic acid and mixing in a trace amount of magnetite. The chitosan solution became
very viscous after 2 hours of complete mixing and one day of waiting. By the delivery of
the peristaltic pump, chitosan droplets were cast into the sodium hydroxide solution to
form wet beads. After filtration, the wet beads were stored inside a 2.5 wt % aqueous
glutaraldehyde solution ( 1 g beads / 15 mL ) in order to crosslink the chitosan polymer
chains. After crosslinking, the beads became firm and elastic. Then through the
continuous treatment of hot and cold deionized water washing and filtration, cross-linked
beads were formed. Finally, the porous, magnetic chitosan beads were synthesized
through the freeze drying process. The complete procedure of bead synthesis is listed in
Figure 3.4. and the detail preparation of acetic acid,sodium hydroxide solution and
processes of cross linking and freeze drying are illustrated in Appendix A-2.
Two sizes of beads were prepared, 3 mm and 1 mm. The different preparation
conditions necessary to produce both the large and small beads are given in Table 3.1.
3. 3. Characteristics Of Chitosan Beads, Flake And Powder
Magnetite content
When the loading of cadmium ions onto chitosan beads was calculated after the
measurement of the batch adsorption test or the isothermal shaker test, the value of the
loading was lower than that of pure chitosan beads. The reason is that the beads consist
of both magnetite powder and chitosan. If the weight percentage of magnetite powder
can be estimated, the loading of pure chitosan beads can be evaluated. By reversing the
formation procedure of the beads, wet beads were completely dissolved into a 4.2 %magnetite powder
60100 p.m
casting solution
to recycle
411
chitosan powder
0-1 MIXINGH4 % wt acetic acid
CASTINGFIN
wet beads in solution
FILTRATION
NaOH solution
2.5% wt
glutaraldehyde
solution
aqueous
filtrate
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CROSS-LINKING
water-41
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Figure 3.4 Flow Chart for Beads Synthesis.21
Table 3.1 Comparison of casting parameters for 3 mm beads and 1 mm beads.
Component And Conditions 3 mm beads 1 mm beads
chitosan powder ( % wt ) 5 5
magnetite ( % wt ) 0.76 0.76
4.2 % acetic acid solution
(rriL )
140 140
concentration of NaOH
( N )
2 0.5
surfactant ( % wt ) a NA 1
N2 flow rate( L / min ) NA 6
a the surfactant is Triton X-100.22
aqueous acetic acid solution and the magnetite powder was settled down on the bottom of
the beaker. After filtering and oven drying, the weight difference between freeze dried
beads prior to digestion and dried magnetite powder was measured. This allowed the
calculation of the weight percentage of magnetite powders inside the beads.
Pore volume, surface area, average pore diameter and porosity test
The pore volume was measured by placing beads in a sealed bottle with an pure
ethanol or a pure benzene liquids for 24 hours at room temperature. By weighing the
beads before and after immersion in the solution and knowing the density of the ethanol
or benzene liquids, the pore volume per gram of beads can be estimated . The error in
the measurement of the final weight depends on the amount of the filtration time. As the
filtration time increased, so did the error in the final beads' weight measurement.
To improve the accuracy of this result, representative samples of 1 mm and 3 mm
beads were analyzed by the Micromeritics Company ( Atlanta, Georgia ) and
Quantachrome Corporation ( Syosset, New York ). Micrometrics Company used the
methods of the N2 physical adsorption ( BET) and mercury porosimetry. And
Quantachrome Corporation used the NI/ physical adsorption method ( BET ). The BET
method was applied with a nitrogen gas at 77 K as the adsorbate, and beads as the
adsorbent. By evaluating the amount of adsorbate gas before and after immersing in the
adsorbent, the pressure-volume ratio was measured ( Adamson, 1982). The surface area
of 155.7 m2 / g and the total pore volume of 0.944 cm3/ g were obtained for the 1 mm
beads respectively by Micrometrics Company. The surface area of 93.7 m2 / g and the
total pore volume of 0.515 cm3/ g were obtained for the 3 mm beads respectively by
Micrometrics Company. Also, the surface area of 119.6 m2/ g and the total pore
volume of 1.019 cm3/ g were obtained for the 1 mm beads respectively by
Quantachrome Corporation. The surface area of 81.8 m2/ g and the total pore volume23
of 0.487 cm3 / g were obtained for the 3 mm beads respectively by Quantachrome
Corporation. The mercury porosimetry was measured by placing the porous beads in a
long-neck sample bulb, commonly known as dilatometer. The entire dilatometer was
filled with mercury and then placed in a protective bomb filled with high pressure
nitrogen gas. As the pressure was applied, mercury increasingly penetrated into the pores
of the beads and an increasing length of the resistance wire was exposed in the neck of
the dilatometer. From the resistance of the wire, the penetrated volume and the pore
volume of beads can be calculated ( Adamson, 1982). The average pore diameter of 243
A; the pore volume of 4.49 cm3 / g and porosity of 85.8 %were calculated for 1 mm
beads respectively. The average pore diameter of 220 A; the pore volume of 9.57
cm3 /g and porosity of 95.4 % were calculated for 3 mm beads respectively.
The outer surface and the crosscut surface of beads were examined by scanning
electron microscopy. The surface was scanned by a focused electron beam, and the
intensity of the secondary electron was monitored. The output of the secondary electron
detector modulated the rate of a cathoderay tube which was scanned in synchronization
with a focused beam. Each point on the cathoderay tube corresponded to a point on the
surface of the beads ( Adamson, 1982 ).
Size measurement of 3 mm beads
Arbitrarily selecting 50 beads, the average size of beads can be derived by using a
Vermier digital caliper and measuring each bead four times.Using standard statistical
methods, the mean diameter, the variance, and the standard deviation of the size
distribution of the beads was calculated.24
Solubility for chitosan beads, powder and flake at low pH acetic acid
solution
The purpose of the solubility test was to evaluate the stability of the chitosan
adsorbents in the cadmium solution during the batch adsorption measurement. A certain
amount of crosslinked 1 mm beads, crosslinked 3 mm beads, crosslinked and
uncrosslinked powders and flakes were poured into an aqueous acetic acid solution at low
pH ( pH = 2.36 ). When most of the adsorbents were dissolved, the solubility can be
determined by measuring the initial and the final weight of the beads, powder and flakes
which remain undissolved inside the solution. Whichever of these three chitosan
adsorbents would be more dissolvable would also be less stable.
3. 4. Stirred Tank Measurement
Apparatus
The apparatus used for the batch adsorption measurement includedan isothermal
tank, a pH / ISE meter, a cadmium electrode, a reference electrode,a pH electrode, an
ATC probe and a computer. Throughout the measurement of themeter and electrodes,
the current concentration and pH readings can be shown and recordedon both the screen
and by the floppy disk of the computer. The program was created by Vasja Marjanovic
( Oregon State University, 1991 ) and is shown in Appendix C-2. The batch adsorption
system is schematically shown in Figure 3.5.ATC PROBE
MIXER CADIMUM ELECTRODE
REFERENCE ELECTRODE
PH COMBINATION ELECTRODE
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Figure 3.5 Stirred Tank Batch Adsorption Equipment.26
Performance of pH / ISE meter and electrodes
A lot of equipment is involved in the adsorption measurement and its performance
will be illustrated as follows. The ORION ( Boston, Massachusetts ) 720A model pH /
ISE meter has dual electrode inputs. The prompt line of the meter indicates which input
is current being measured. All functions are accessible from the keypad. By linking four
electrodes to the pH / ISE meter, the instantaneous concentration and pH data can be
obtained.
The ORION 94 48 model cadmium electrode measures the free cadmium ion in
an aqueous solution quickly and accurately. And the model 90 92 double junction
reference electrode is a sleeve-type one. The Agi AgCI reference electrode has an outer
chamber which isolates the inner reference element and the filling solution from the
sample. Similarly, the ORION 91- 02 model combination pH electrode has Ag/ AgC1
internal reference systems and a glass body which easily detects the pH value ofaqueous
sample solutions. The ORION automatic temperature compensation probe (ATC)
transmits a signal to the pH / ISE meter which automatically corrects pH measurements
for the variation in electrode slope due to the change of temperature. The parameters of
the adsorption experimental process are shown in Table 3.2.
Appendix A-3 to A-4 outline all the operation instructions and analytical
procedures of the pH / ISE meter, the preparation of the liquid solution and
characteristics of the electrodes.
In order to evaluate the concentrations of cadmium ions inside the cadmium
solution, the logC-pH diagram for soluble Cd+2 in equilibrium with Cd(OH)2(s) is
shown in Appendix A-5. The concentration ratio was definedas [ Cd(OH)n2-n] /
[ Cd+2 ].From this diagram, the concentration ratio for Cd(OH)l-,Cd(OH)20and
Cd(OH)3- is 10-4'7, 10-9'45 and 10-17'7 respectively at pH 5. At pH 7, the
0
concentration ratio for Cd(OH)+,Cd(OH)2 and Cd(OH)3- is 10-3, 10-5'75 and 10-1227
respectively. The concentrations of Cd(OH)4-2are negligible at pH 5 and pH 7.
Therefore, the free cadmium ion( Cd+2 ) is the predominant ion inside the cadmium
nitrate solution between pH 5 and pH 7. Additionally,at cadmium concentrations below
saturation, cadmium hydroxidewill not precipitate between pH 5 and pH 7.
To determine the reliability of the performance of the pH / ISE meter and
electrodes, additional stability and blank tests for electrodes are required. By immersing
all the probes into an aqueous cadmium solution, the repeated and stable readings of
electrodes were evaluated within a long period of time. Also, by immersing all the
electrodes into deionized distilled water containing chitosan flakes or 1 mm chitosan
beads, the concentration and pH changes were measured as a function of time. The
response of the stability and the blank test are given from Figure 3.6. to Figure 3.11.
The detailed data for those tests are discussed in Appendix B, Table B-3 to B-6.
Procedure
After the porous, magnetic chitosan beads are formed, the analysis of the
adsorption kinetics of cadmium ions onto chitosan beads is a predominant task. By the
detection of the pH / ISE meter and electrodes, the concentration and pH changescan be
analyzed at the isothermal condition. In addition, by measuring the values of initial and
final concentration of the sample solutions, the weight of beads and the volume of
sample solution, the loading of beads can be evaluated.
Appendix A-6 outlines the detailed procedures about how to prepare the standard
solutions, sample solutions and the stirred tank batch adsorption measurement. Also, it
lists the formula used to calculate the loading of beads.27a
Before the stirred tank experiment, ISA ( Ionic Strength Adjuster, 10 % wt
K7NO3 ) solution was added to the cadmium solution in order to slightly increase the
ionic strength equivalent to 0.0055 M. But the effect of ISA solution on the Cd+2
concentration was determined to be negligible.
The cadmium solution was prepared by dissolving cadmium nitrate into water.
Four electrodes cennecting to the pH / ISE meter were pluging into the cadmium solution
and waited for all the system to reach the stable temperature at 25 °C. A 0.2 g of chitosan
beads and 2 mL ISA solution were added to the 200 mL cadmium solution. And the
whole solution was mixed well. The pH and concentration readings were shown in the
screen of pH / ISE meter. At the same time, these data were recorded by the computer.28
Table 3.2 Adsorption process parameters
Parameter Investigated Range
Initial concentration 1.4-2300 ( mg Cd / L )
Temperature 25 °C
Initial pH of Cd solution 57
Mixing speed 50 rpm for 3 mm beads
100 rpm for 1 mm beads
Adsorption time 0 40 hours
Volume of sample solution 200 mL
Adsorbent loading 1 mg / mL1150
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Figure 3.6 Stability of Cd electrode in 1120.4 mg / L cadmium solution within
the stirred tank at 25 °C and 50 rpm.
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Figure 3.7 Stability of Cd electrode in 109.8 mg / L cadmium solution within
the stirred tank at 25 °C and 50 rpm.
1000
3031
.
Figure 38 Stability of Cd electrode in 200 tril.,
rn
water
beadsat 25 °C and 100 ip.
g 0.2 g of 1 n8.0
7.5
7.0
6.5
6.0
5.5
5.0
Wommialmol"*".#0,, ylkowstorrowommomuirwasw
- ARPire :
S.
0 5 10
Time ( hours )
15
Figure 3.9 Stability of pH electrode in 200 mL water containing 0.2 g of 1 mm
beads at 25 °C and 100 rpm.
20
320.005
0.004
0.003
0.002
0.001
0.000
=1M
I 1
0 5 10
Time ( hours )
15
Figure 3.10 Stability of Cd electrode in 200 mL water containing 0.2g of
chitosan flake at 25 °C and 100 rpm.
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Figure 3.11 Stability of pH electrode in 200 mL water containing 0.2 g of
chitosan flake at 25 °C and 100 rpm.
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3. 5. Effect of Stirring Speed For Batch Adsorption Experiment on 3 mm Bead
The purpose of this set of experiments was to determine if the rate of cadmium
adsorption was affected by the liquid phase boundary layer. The stirring of the mixer
during the batch adsorption experiment results in an uniform concentration of the sample
solution. Ideally, the mixing rate would be chosen to minimize the resistance of the
liquid phase boundary layer. However, high stirring rates can also cause shear damage to
the beads. Therefore, the stirred tank adsorption experiments were run at a speed that
would not result in breaking the beads due to shear or interaction with the agitator. The 1
mm beads were run with a stirring speed of 100 rpm and the 3 mm beads were run at 50
rpm.
3. 6. Isothermal Shaker Measurement
An another alternative method for the measurement of metal ion adsorption is
introduced here. In the stirred tank method described in Section 3.4, the instantaneous
readings of the concentration and the pH are recorded every ten minutes during the
experiment. However,in the isothermal shaker method, we are concerned with only the
initial and the final metal ion concentrations and pH values. The loading of beads,
powder and flakes can be calculated if the initial and the final metal ion concentrations
are known. The procedure of the isothermal shake flask experiment is presented in
Appendix A-7.36
Chapter 4
EXPERIMENTAL RESULTS
The results are presented in three categories; preparation and properties of
chitosan adsorbents, equilibrium isotherms, and adsorption kinetics.
4. 1. Preparations and Properties of Chitosan Adsorbents
Size and pore volume measurements
The diameter of the chitosan beads was measured by a Vermier digital caliper.
The mean diameter of the large beads was found to be 3.21±0.09 mm ( Appendix B,
Table B-1 ). The small beads were measured by same method as the large beads, but the
sample size was much smaller. The size range of the small beads was between 0.71 mm
and 0.96 mm. For the simple illustration of this research, the sizes of the small and large
beads were labeled 1 mm and 3 mm respectively. Particle size ranges of chitosan flake
and powder were 1.70-3.35 mm and0.3 mm respectively.
The pore volume of 3 mm beads was evaluated by the solvent impregnation
method. The pore volume of the beads by this method was 8.169 cm3 /g.
Pore volume, surface area, and pore size distribution by N2
sorption and mercury porosimetry
Table 4.1 shows the pore volume, surface area, and average pore diameter of the
1 mm beads, 3 mm beads, and flake as determined by the methods of N-) sorption37
Table 4.1 Pore volume, surface area, average pore diameter and porosity for chitosan
adsorbents.
Properties Chitosan 3 mm
Beads
Chitosan 1 mm
Beads
Chitosan
Powder
Chitosan Flake
density
( g / cm
3
) 1.52 1.39 NA 1.46
BET surface
area (m2 /g )a 93.7 155.7 NA 0.352
average pore
diameter ( A )a 220 243 NA NA
pore volume of
BET method
(cm3 ig)a 0.515 0.944 NA NA
BET surface
area (m2 /g)b 81.79 119.6 NA NA
average pore
diameter (A )1) 119.2 170.4 NA NA
pore volume of
BET method
( cm3/ g )b
0.487 1.109 NA NA
pore volume of
Hg porosimetry
method
(cm3 /g)
9.57 4.49 NA NA
pore volume of
solvent method
( cm3/ g )
8.169 NA NA NA
porosity of Hg
porosimetry
method ( % )
95.4 85.8 NA NA
porosity of
solvent method
( % )
80.52 NA NA NA
measured
diameter
3.21 ± 0.0966
mm
< 1.00 mm < 300 wri 1.70-3.35
mm
magnetite
content ( % wt )9.94 ± 0.4 5.38 ± 0.3 NA NA
a data by Micrometrics Company.
b data by Quantachrome Corporation.38
( BET) and mercury porosimetry. The surface area of these porous chitosan beads are
almost internal surface area. The smaller beads (1 mm ) have a higher internal surface
area per unit mass than the 3 mm beads. Chitosan flake has a very low internal surface
area which is almost 250 times smaller than the 3 mm beads. The pore size distribution
of the 1 mm and 3 mm beads as determined by the Micrometrics Company using the N2
desorption method are shown in Figures 4.1 ( a ) and 4.1 ( b ).The pore size distribution
was derived from the data of increment of I\T') pressure and the increment of pore volume
at different pore size ranges. The porosity was defined as the pore volume divided by the
total volume of the bead. The pore volume of the 3 mm beads as determined by the
Micrometrics Company using the mercury porosimetry method was 15 % higher than the
pore volume determined by the solvent impregnation technique.
Magnetite content
The weight percentage of the magnetite powder inside the beads was determined
by dividing the weight of the dried magnetite powder in the bead by the original weight
of the freeze dried beads. The average mminetite contents of the 1 mm beads and 3 mm
beads were 5.4 % and 9.9 c7c respectively. Calculation of magnetite content is illustrated
in Appendix B, Table B-2.
Solubility
The chitosan raw material is soluble in acidic solution ( Sandford et al. 1987 ).
The solubility of the beads, flake and powder was determined by measuring the amount
of chitosan that did not dissolve in room temperature acetic acid solution of pH 2.36 after
a certain time. Table 4.2 gives solubility data for the 1 mm beads, 3 mm beads, flake
and powder. The chitosan beads did not dissolve because the chitosan in the newly1.
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Figure 4.1 The pore size distribution of the 1 mm beads and 3 mm beads.40
Table 4.2 Solubility of for crosslinked chitosan beads, crosslinked flake and
powder, uncrosslinked flake and powder in acid solution at 25 ° C
using 1 mg chitosan adsorbent per mL of 1 N acetic acid solution.
Chitosan Adsorbent Initial pH Time of Contact
( min )
Average wt %
Dissolved
crosslinked 1 mm
beads 2.36 1200 2.71
crosslinked 3 mm
beads 2.36 1200 4.95
crosslinked flake 2.36 600 11.1
crosslinked powder 2.36 600 4.94
uncrosslinked flake 2.36 100 96.9
uncrosslinked
powder 2.36 20 99.341
formed beads was crosslinked with aqueous glutaraldehyde. Also, the crosslinked
powder and flake were only slightly dissolved into the acid solution.
SEM photomicrographs
The morphology of both air-dried beads and freeze dried beads were investigated
by scanning electron microscopy ( SEM ).Figure 4.2 shows that the freeze dried beads
have much more porous internal structure than the air dried beads. Figure 4.2 ( c )
illustrates the porous surface of the whole bead. Also, Figure 4.2 ( d ) presents a close
look of the porous structure of a cross-sectional surface.
4. 2.Equilibrium Isotherms
Adsorption measurements for the 3 mm beads, flake and powder were performed
by contacting a given chitosan adsorbent with cadmium solutions of varying initial
concentration. The concentration of the adsorbent ( as cadmium nitrate ) was fixed at 1
g per liter of solution. The initial concentrations of the cadmium solutions ranged from
1.4 mg Cd / L to 2240 mg Cd / L. The cadmium solutions were mixed for sufficient time
to allow for equilibrium to be established, typically 16-40 hours. The loading of
cadmium ions on chitosan was calculated by the equation :
where
( CoCe )V
M
Co =initial concentration, mg Cd / L
Ce = equilibrium or final concentration, mg Cd / L
NI = mass of adsorbent, g42
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4445
V = volume of cadmium solution, L
Q = loading of Cd+7onto adsorbent, mg Cd / g
Equilibrium adsorption isotherms were constructed by plotting Q versus Ce. Isotherm
data were obtained by two types of well-mixed batch adsorption experiments. In the first
type of experiment, an orbital shaker was used and the final Cd concentration was
measured after 24 hours. In the second type of experiment, a stirred tank was used and
the Cd concentration was measured on-line by a Cd electrode.
Adsorption Isotherms by Shaker Flask Experiments
Tables 4.3 to Table 4.5 list the initial concentrations ( Co ), equilibrium
concentrations ( Ce ) and cadmium loadings ( Q )for the 3 mm beads, flake and
powder. Adsorption data from shake flask experiments at 25 °C were compared to the
batch adsorption stirred tank. The difference between them was not significant. To
illustrate the consistency of the data, the isotherms for the 3 mm beads obtained from
both methods are shown in Figure 4.3.
Figures 4.4 to 4.6 present the adsorption isotherms for Cd +2 on different
chitosan adsorbents. The loading of cadmium ions on chitosan powder was higher than
either the chitosan flake or the 3 mm beads at each initial concentration of cadmium ions.
At medium and high initial concentrations, the equilibrium loading of cadmium on 3 mm
beads and chitosan flake were approximately equal.
Adsorption Isotherms by Stirred Tank Experiments
Equilibrium isotherms were also obtained using the stirred tank batch adsorption
experiment. The adsorption isotherms of the 1 mm beads and 3 mm beads are shown in46
Table 4.3 Equilibrium isotherm data for 3 mm beads at pH 6.5, 25 °C and 1 mg bead /
mL solution using the shake flask experiment.
#
see note ( a)
initial
concentration
(mgCd/L)
equilibrium
concentration
( mg Cd / L)
loading
( mg Cd / g beads )
1 1681 1499 181.2
2 1328 1149 176.7
3 1110 936.1 175.0
4 1018 852.6 165.6
5 949.0 784.8 163.8
6 875.0 737.2 137.7
7 752.9 616.8 136.1
8 638.0 503.1 130.0
9 441.4 336.1 105.4
10 263.9 204.5 59.00
11 131.1 114.3 16.67
12 13.17 8.661 4.491
13 6.728 5.277 1.448
a the average of two runs.47
Table 4.4 Equilibrium isotherm data for chitosan flake at pH 6.5, 25 °C and 1 mg flake /
mL solution using the shake flask experiment.
#
see note ( a )
Initial Concentration
(mgCd/L)
Equilibrium
Concentration
(mgCd/L)
Loading
( mg Cd / g flake )
1 1882 1643 237.3
2 1681 1462 216.3
3 1333 1148 184.5
4 1117 946.2 170.8
5 1022 872.2 149.6
6 946.7 825.7 120.6
7 876.7 763.0 113.7
8 754.6 656.0 98.05
9 637.5 551.2 85.83
10 447.6 372.5 74.93
11 266.1 205.6 60.48
12 133.3 88.68 44.36
13 13.28 5.460 7.836
14 6.728 4.907 1.824
a the average of two runs.48
Table 4.5 Equilibrium isotherm data for chitosan powder at pH 6.5, 25 °C and 1 mg
powder / mL solution using the shake flask experiment.
#
see note ( a )
Initial concentration
(mgCd/L)
Equilibrium
Concentration
(mg Cd/L)
Loading
(mg Cd/gpowder)
1 2235 1798 436.9
2 2016 1597 417.1
3 1791 1373 419.0
4 1681 1772 407.5
5 1522 1118 404.3
6 1435 1027 409.4
7 1333 933.3 398.4
8 1105 715.4 391.7
9 1016 656.0 362.7
10 945.6 625.7 321.5
11 873.4 621.3 251.4
12 752.9 535.0 215.8
13 634.1 444.8 189.7
14 442.0 307.0 134.7
15 265.0 183.9 81.54
16 132.8 75.63 57.14
17 13.22 0.942 12.30
18 6.734 0.344 6.393
19 1.396 0.061 1.328
a the average of two runs.49
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Figure 4.3 Comparison of adsorption isotherms for cadmium on 3 mm beads by two
different methods.50
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Figure 4.5 Adsorption isotherm for cadmium ion on chitosan flake at pH 6.5, 25 °C
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Figure 4.6 Adsorption isotherm for cadmium on chitosan powder at pH 6.5, 25 °C and
1 mg powder / mL solution by shake flask experiment.53
Figure 4.7 and Figure 4.8 respectively. The initial and final concentrations of the Cd
solutions and the Cd loadings on the chitosan lmm and 3 mm beads are listed in Table
4.6 and Table 4.7 respectively.
Comparison of Adsorption Isotherms
The Cd adsorption isotherms for the four chitosan adsorbents are compared in
Figure 4.9. The 1 mm beads have the highest loadings among these chitosan adsorbents
only at the high concentration range above 1000 mg Cd / L. According to the results of
the solubility measurement in Table 4.2, the chitosan beads are more stable than other
chitosan adsorbents. Although the chitosan powder has the highest loadings at the low
and medium concentration ranges, cadmium ions would be released back into solution if
the powder dissolves. The isotherm data given in Figure 4.9 is also listed in Table 4.8.
Adsorption data in the low range of the Cd concentration is also of practical
importance for many environmental cleanup applications. The comparison of isotherm
data at low concentrations for 1 mm and 3 mm beads is shown in Figure 4.10. The 1 mm
beads have higher loadings than the 3 mm beads in this range.
4. 3. Adsorption Kinetics
The loadings of the 3 mm beads by the batch adsorption measurement were 5.055,
113.2 and 188.2 mg Cd / g beads at the low, medium and high initial concentrations,
respectively. The loadings of the 1 mm beads were 5.881, 142.1 and 442.3 mg Cd / g
beads at these three initial concentration ranges, respectively.
The pH versus time plots for these two chitosan beads at different levels of the
initial concentration are presented in Figure 4.11 and Figure 4.12. From these figures,54
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Figure 4.7 Adsorption isotherm for cadmium on 3 mm chitosan beads at pH 6.5, 25
°C and 1 mg beads / mL solution by stirred tank experiment.55
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Figure 4.8 Adsorption isotherm for cadmium on 1 mm chitosan beads at pH 6.5, 25
°C and 1 mg beads / mL solution by stirred tank experiment.56
Table 4.6 Adsorption isotherm data for the 3 mm chitosan beads at pH 6.5, 25 °C and
1 mg beads / mL solution using the stirred tank experiment.
#
see note ( a )
Initial Concentration
( mgCd/L)
Final Concentration
( mgCd/L)
Loading
( mg Cd / g beads )
1 1695 1507 188.2
2 1322 1138 183.5
3 1118 938.2 180.1
4 1018 846.7 171.0
5 947.9 785.0 162.8
6 885.7 737.3 148.2
7 727.7 586.9 140.8
8 643.7 505.3 138.2
9 448.7 335.3 113.2
10 393.3 323.6 69.57
11 266.1 199.5 66.47
12 146.2 121.6 24.59
13 13.95 8.899 5.055
14 6.936 4.991 1.946
15 1.400 0.519 0.519
a the average of two runs.57
Table 4.7 Adsorption isotherm data for the 1 mm chitosan beads at pH 6.5, 25 °C and
1 mg beads / mL solution using the stirred tank experiment.
#
see note ( a )
Initial Concentration
( mgCd/L)
Final Concentration
( mgCd/L)
Loading
( mgCd/gbead)
1 2274 1759 518.8
2 7218 1708 512.2
3 2017 1523 494.3
4 1692 1251 442.3
5 1513 1157 356.8
6 1344 1105 240.3
7 1102 901.6 200.5
8 1003 815.7 187.0
9 950.1 782.2 168.8
10 864.9 706.6 159.4
11 756.3 607.6 149.4
12 634.1 494.1 140.5
13 448.1 302.7 142.1
14 265.5 216.5 46.93
15 133.3 101.0 32.44
16 13.78 7.921 5.881
17 6.700 4.389 2.321
18 1.400 0.516 0.888
a the average of two runs.600
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Figure 4.9 Comparison of adsorption isotherms for cadmium on the four chitosan
adsorbents.
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58Table 4.8 Comparison of adsorption isotherm for 1 mm and 3 mm beads, flake and powder at pH 6.5,
25 °C and 1 mg adsorbent / mL solution.
Ce :final or equilibrium concentration ( mg Cd /)
Q :loading ( mg Cd / g adsorbent )
#
see note a
Ce of 1 mm
Beads
Q of 1 mm
Beads
Ce of 3 mm
Beads
Q of 3 mm
Beads
Ce of FlakeQ of FlakeCe odf
Powder
Q of
Powder
1 1759.028 518.756 1506.938 188.230 1643.627 237.340 1798.242436.945
2 1708.236 512.205 1138.718 183.539 1462.122 216.300 1596.570417.141
3 1522.869494.345 938.222 180.117 1148.410 184.456 1372.490418.952
4 1250.646442.264 846.686 170.974 946.178 170.772 1271.654407.503
5 1156.813 356.797 784.952 162.785 872.231 149.626 1117.599 404.307
6 1105.013 240.308 737.335 148.156 825.735 120.640 1027.407 409.359
7 901.561 200.505 586.865 140.835 762.992 113.715 933.293 398.416
8 815.713 186.950 505.301 138.231 655.994 98.053 715.375 391.692
9 782.174 168.769 335.280 113.179 551.237 85.832 655.994 362.744
10 706.586 159.399 323.565 69.573 372.533 74.927 625.743 321.479
11 607.582 149.360 199.936 66.470 205.593 60.483 621.262 251.378
12 494.097 140.542 121.620 24.591 88.680 44.364 534.991 215.761
13 302.700 142.099 8.902 5.055 5.460 7.836 444.799 189.721
14 216.502 46.932 4.991 1.946 4.907 1.824 306.990 134.734
15 100.953 32.440 0.868 0.519 183.746 81.537Table 4.8 ( continued )
#
see note a
Ce of 1 mm
Beads
Q of 1 mm
Beads
Ce of 3 mm
Beads
Q of 3 mm
Beads
Ce of FlakeQ of FlakeCe of
Powder
Q of
Powder
16 7.921 5.881 75.627 57.137
17 4.389 2.321 0.942 12.298
18 0.516 0.888 0.344 6.393
19 0.061 1.328
a the average of two runs.61
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Figure 4.10 Comparison of adsorption isotherms for cadmium on chitosan 1 mm and
3 mm beads at low concentration.62
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Figure 4.12 Change in pH of cadmium solution during adsorption on 1 mm beads at
25 °C and 100 rpm.64
the greatest increase in cadmium ions removal occurred between pH 5.3 to 6.8. The data
from the adsorption kinetics study is listed in Appendix B, Table B-7 to B-12.
A comparison of the adsorption kinetics for the 1 mm beads, 3 mm beads,
chitosan flake and powder at the low, medium and high initial concentrations is shown
in Figures 4.13 to 4.15. These results are summarized in the Table 4.9. The data of
adsorption kinetics for cadmium ions on chitosan flake and powder is listed in Appendix
B, Table B-13 to B-15. The chitosan powder (3001.1m ) has the highest loadings for
low and medium initial concentration ranges. The 3 mm beads have higher loadings than
chitosan flake at the medium initial concentration. The 1 mm beads have the highest
loadings at the high initial concentrations.
A comparison of the adsorption kinetics between chitosan beads and a
commercial ion exchange resin selective for heavy metal( Rohm & Haas Amber lite
IRC-718 ) are shown in Figures 4.16 to 4.18. The complete data are presented in
Appendix B, Table B-16 to B-18. The loadings of cadmium on the chitosan beads and
the ion exchange resin are listed in Table 4.10. The ion exchange resin has a higher
loading than chitosan beads at the low initial concentration; however, the adsorption is
accompanied by an increase in pH up to 9.5( Figure 4.19 ).If the pH rises above 9.0,
precipitation of cadmium hydroxide may occur, leading to erroneously high cadmium
loadings.At the medium initial concentration, the 1 mm chitosan beads have the
highest Cd-0loading. The cadmium capacities for the 1 mm bead and 3 mm bead are
142.1 and 113.2 mg Cd / g bead at medium cadmium concentration. According to the
data from Rohm & Haas company, the total exchange capacity is 140.5 mg Cd / g dried
resin. The ion exchange resin has the highest Cd+2loading at the high initial
concentration.65
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Figure 4.13 Comparison of adsorption kinetics for cadmium ions on the four chitosan
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Figure 4.14 Comparison of adsorption kinetics for cadmium ions on the four chitosan
adsorbents at medium cadmium ion concentration, pH 6.5, 25 °C and 1
mg adsorbents / mL solution.67
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Figure 4.15 Comparison of adsorption kinetics for cadmium ions on the four chitosan
adsorbents at high cadmium ion concentration, pH 6.5, 25 °C and 1 mg
adsorbents / mL solution.68
Table 4.9 Cadmium loadings on 1 mm beads, 3 mm beads, flake and powder at three
different levels of cadmium concentration.
Chitosan
Adsorbents
Loading at 13.44
mg Cd / L
( mg Cd/g)
Loading at 446.0
mg Cd / L
( mgCd/g)
Loading at 1681
mg Cd / L
( mg Cd/g )
1 mm beads 5.881 142.1 442.3
3 mm beads 5.055 111.0 188.2
chitosan flake 7.238 76.19 212.9
chitosan powder 10.52 149.0 414.569
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Figure 4.16 Comparison of adsorption kinetics for 1 mm beads, 3 mm beads and
ion exchange resin( Rohm & Haas Amberlite IRC-718 ) at low
cadmium ion concentration, 25 °C and 1 mg adsorbents I mL
solution.600
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Figure 4.17 Comparison of adsorption kinetics for 1 mm beads, 3 mm beads and
ion exchange resin( Rohm & Haas Amberlite IRC-718 ) at medium
cadmium ion concentration, 25 °C and 1 mg adsorbents / mL
solution.
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Figure 4.18 Comparison of adsorption kinetics for 1 mm beads, 3 mm beads and
ion exchange resin( Rohm & Haas Amberlite IRC-718 ) at high
cadmium ion concentration, 25 °C and 1 mg adsorbents / mL
solution.72
Table 4.10 Comparison of the loading of cadmium on 1 mm beads and 3 mm beads, and
a commercial ion exchange resin( Rohm & Haas Amberlite IRC-718 )at
three different levels of initial cadmium concentrations.
Chitosan AdsorbentsLoading at 13.44
mgCd/L
( mgCd/g)
Loading at 446.0
mgCd/L
( mgCd/g )
Loading at 1681
mg Cd/ L
( mgCd/g)
1 mm beads 5.881 142.1 442.3
3 mm beads 5.055 113.2 188.2
ion exchange resin 12.06 127.4 590.0I
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Figure 4.19 Change in pH of cadmium solution during adsorption on the ion exchange
resin( Rohm & Haas Amberlite IRC-718 ) at low cadmium ion
concentration, 25 °C and 100 rpm.74
Chapter 5
DISCUSSION
The loading of cadmium ions onto different chitosan adsorbents depends on a
number of variables. Two process variables were investigated :the type of chitosan
adsorbents and the initial concentration of cadmium solution. Comparison of adsorption
isotherms and adsorption kinetics helped to contrast the performance of the adsorbents.
Different initial concentrations were used to develop adsorption isotherms.
Different initial concentrations of cadmium solution required different times to reach the
equilibrium concentrations. At high initial concentrations, the equilibrium condition was
attained with 10 hours.In addition,the experiments with high initial concentrations
gave higher Cd loadings than the medium or low initial concentrations. Low
concentrations required a longer period of time ( 40 hours ) to reach equilibrium. In
general, cadmium solutions of higher concentrations produced higher fluxes into the
chitosan beads, resulting in higher loadings.
The adsorption isotherms, Figures 4.4 to 4.8, show a stepped progression. This
illustrates the interaction between the cadmium ions and the chitosan adsorbents. The
first plateau represents the saturation of cadmium on the outer surface of the chitosan
adsorbent. Adsorption continues after the first plateau as the cadmium ions diffuse
through the mesopores of the adsorbents and adsorb to the inner surface. The second
plateau may demonstrate the blockage of the mesopores by the chelated cadmium ions.
Similar behavior for catalyst coking was also observed by Levenspiel ( 1972 ). In
catalyst coking, the physical deposition produces a growing porous layer. The activity
may decrease gradually as reactant experiences increasing difficulty in diffusing through
this thickness layer.75
The adsorption of cadmium ions onto adsorbents can be expressed as a three step
process. The first step is the convective transport of cadmium ions to the exterior surface
of the adsorbent particle; the second step is the diffusion of cadmium ions into the pores
of the adsorbent; and the final step is the adsorption of the cadmium ions onto amine
groups sticking on the interior surface. The first step is relatively fast compared to the
other two steps ( Yang et al. 1984 ). Judging from the adsorption kinetics diagrams, the
rate of adsorption was very rapid within the first four hours. After 4 hours, the rate
markedly decreased. Amino groups of the chitosan beads act initially as cadmium
coordination sites. The slower uptake rate of metal after a rapid initial uptake can be due
to the binding of cadmium ions by complexed metal ions ( Jha et al. 1988 ).
From Figure 4.11 and 4.12, the pH of the cadmium solution will increase
gradually( pH 5 to pH 7 ) during the adsorption process. This study is the first one to
present the pH phenomena for cadmium adsorption. According to the results of pH
change, there are two possible mechanisms which can be assumed. The first possible
mechanism is that the cadmium ions and hydrogen ions competed for chelation with
chitosan amine groups. The second assumption is the chitosan beads released hydroxyl
ions back to the cadmium solution during the adsorption process. These hydroxyl ions
were initially accumulated on the bead during the casting process. And from the study of
Udaybhaskar et al.( 1990 ),the chitosan amine groups will be protanated upto 99 %
when the pH is below 4.3. So the optimum pH for the exist of amine groups is pH > 5.
To verify the reliability of the data from the batch adsorption measurement and
shake flask experiments, isotherm data was compared to the sorption isotherms for Cd on
chitosan powder given in the literature. According to the study of Jha et al.( 1988 ),
isotherms for chitosan powders of a given particle size can be calculated by linearized
Freundlich equation.
Log Q =Log K + Log Ce76
where Q = the amount of cadmium sorbed per unit weight of sorbent, mg / g
K = sorption capacity
1/N = sorption intensity
Ce= equilibrium concentration, mg Cd / L
The linearized adsorption isotherms for 144 p.m and 328 pm chitosan powder
from the literature and 300 pm chitosan powder from this study are shown in Figures 5.1
and 5.2. The coefficient of adsorption capacity are 13.3, 13.8 and 6.4 mg / g for 144 pm,
300 gm and 328 pm chitosan powders respectively. And the coefficient of sorption
intensity are 0.5873, 0.8235 and 0.5119 for 144 pm, 300 gm and 328 pm chitosan
powders respectively. According to the results, the Cd adsorption data for the 300 p.m
chitosan powder closely matches the literature study. The linearized adsorption isotherm
for chitosan powder over the whole range of cadmium solution concentrations is shown in
Figure 5.3. The coefficients of adsorption capacity and sorption intensity are 8.34 mg /g
and 0.538 respectively. The comparison of equilibrium cadmium concentration for
chitosan powder by this study and Freundlich isotherm is shown in Figure 5.4. But the
Freundlich isotherm did not give a satisfactory fit to the data from this study.
There are many reasons to prefer the 1 mm chitosan beads over the other chitosan
adsorbents. According to the loading comparison and solubility data, the 1 mm chitosan
bead was the best adsorbent for cadmium adsorption, especially at high initial cadmium
concentrations. The 1 mm beads have the highest cadmium loading among the chitosan
adsorbents because of their high internal surface area. The solubility data showed that the
beads can withstand acidic environments for long times. Thus the cadmium ions can be
retained by the beads, even for long periods of adsorption ( 16 to 40 hours ).
The precipitates of of cadmium hydroxides will be formed at pH > 9.0
( Snoeyink and Jenkins, 1980 ). Some cadmium ions reacted with hydroxyl ions to form
precipitations in the solution and rest cadmium ions were adsorbed by the ion exchange77
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resin. This phenomena were encountered at the low initial concentration for the
adsorption of ion exchange resin and would cause an erroneously high cadmium loading.
Ion exchange resin has the highest loading at the high initial concentration. The 1 mm
chitosan beads have greater capacity than the ion exchange resin at the medium initial
concentration range. Therefore, the chitosan 1 mm bead was a potentially useful
adsorbent.82
Chapter 6
CONCLUSIONS AND RECOMMENDATIONS
6. 1. Conclusions
The conclusions of this study can be summarized as follows.
1. The freeze drying process makes highly porous beads.
2. The crosslinking of chitosan adsorbents by aqueous glutaraldehyde solution
significantly reduces the solubility of chitosan adsorbents in acid solution. The
crosslinked chitosan beads did not dissolve into acid solution. The crosslinked
chitosan powder and flake was only slightly dissolved into acid solution.
3. Crosslinked chitosan beads have a high porosity, internal surface area, and stability
in acid solution relative to uncrosslinked chitosan flake and powder.
4. The surface area of chitosan 1 mm beads and 3 mm beads using the nitrogen physical
adsorption measurement were 155.7 and 93.7m2 /g beads respectively. The
porosity of 1 mm beads and 3 mm beads were 85.8 % and 95.4 % respectively. The
surface area of chitosan flake was 250 times smaller than the 3 mm beads.
5. The chitosan 1 mm beads has a higher cadmium loading than the ion exchange resin at
medium initial concentration of 446 mg Cd / L. The erroneously high cadmium
loading for ion exchange resin at the low initial concentration of 13.44 mg Cd / L may
be caused by cadmium hydroxide precipitation. The ion exchange resin has the
highest cadmium loading at the high initial concentration of 1681 mg Cd / L.
6. The higher initial concentrations result in higher cadmium loadings and faster
adsorption rate.
7. Two possible mechanisms for the pH rise during Cd adsorption experiments are
proposed. The first one is chelation reaction where cadmium ions compete with83
hydrogen ions; these ions then chelate with chitosan amine groups. The second
mechanism is cadmium ions chelate with chitosan amine groups. Also, the hydroxyl
ions released from the chitosan beads neutralize the hydrogen ions.
8. The adsorption isotherms illustrate the interaction between cadmium ions and the
chitosan adsorbents. These two plateaus may represent the saturation of the outer
surface of the chitosan adsorbents and the blockage of the mesopores by the chelated
cadmium ions respectively.
6. 2. Recommendations
The following list contains topics related to this research that need to be
investigated in future studies.
1. The effect of pH on the adsorption process.
2. The effect of external mass transfer on cadmium adsorption rate.
3. Optimization of chitosan bead synthesis.
4. The adsorption of other metal ions onto chitosan beads and their selectivity.
5. The adsorption mechanism and diffusion of cadmium ions onto chitosan beads.
6. The reversibility of the adsorption process to regenerate beads.
7. The design of a continuous process including adsorption and desorption.84
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Appendix A
Experimental Procedures
Appendix A-1 Preparation of Chitosan Flake and Powder
Procedure
1. Sift the chitosan flake and separate to different level of size.
2. Store the chitosan flake with the size range from 1.70-3.50 mm.
3. Place chitosan flake to food chopper and the fragments are sifted through a
Wiley screen ( 300 pm ).
4. Store the powder passed the screen.
Appendix A-2 Preparation of Chitosan Beads
Preparation of Solutions
4.179 % aqueous acetic acid solution
1. Take 20 mL pure acetic acid solution.
2. Add into 480 ml deionized distilled water stored in 500 ml volumetric flask.
3. Completely mix.
2 N NaOH solution
1. Take 40 g of sodium hydroxide crystal.
2. Add into 500 ml deionized distilled water stored in volumetric flask.
3. Stir thoroughly.
0.5 N NaOH solution
1. Take 10 g of sodium hydroxide crystals.
2. Place into 500 ml deionized distilled water stored in volumetric flask.
3. Completely mix.88
Appendix A-2 ( continued )
2.5 % wt. glutaraldehyde solution
1. Take 2 ml of 25 % wt. glutaraldehyde solution.
2. Add into 188 ml deionized distilled water to dilute to 200 mL.
Beads Casting and Treatment
Beads Casting
1. Weigh 7.503 g of chitosan powder and dissolve into 140 mL of 4.179 % acetic acid
solution.
2. Completely mix for one hour.
3. Add 1.140 g magnetite powder into the chitosan solution.
4. Completely mix for 15 minutes and store this solution for 24 hours.
5. Arrange the tubes and deliver the chitosan solution to the beads casting equipment
( spinnerette ) by peristaltic pump.
6. Add 500 mL of 2 N NaOH solution into a 1000 mL beaker and place it into the
isothermal tank.
7. Wet chitosan beads will be formed when the spherical chitosan dopes are fallen down
into the NaOH solution.
8. Decan NaOH solution until the wet beads change the color from white to dark green
and wash wet beads with deionized water to remove remaining NaOH solution.
Cross Linking
1. Place wet beads 2.5 % wt. aqueous glutaraldehyde solution ( 1 g beads per 15 mL
solution ).
2. Mix Solution with stirring rod for 1 minute.
3. Wait 24 hours then decant solution.
4. Wash crosslinked beads with hot then cold deionized distilled water to wash away89
Appendix A-2 ( continued )
remaining glutaraldehyde solution.
5. Decant solution.
6. Collect cross-linked beads.
Freeze Drying
1. Store 50 g of wet cross-linked beads in a 600 mL of freeze drying flask.
2. Immerse flask into pure liquid nitrogen and rotate the flask.
3. Let beads become completely frozen.
4. Connect flask to cooling chamber of freeze dryer.
5. Wait 40 hours until all the beads are totally dried.
6. Disconnect flask from cooling chamber and remove beads from the flask.
7. Defrost and clean the cooling chamber of the freeze dryer.
Appendix A-3 pH / ISE Meter
Self Test
1. Connect BNC plugs to both inputs.
2. Disconnect all the probes.
3. Plug in meter and quickly press YES key.
4. Start the Self Test from test 1 to test 8.
5. Press all the keys when test 7 display.
6. During test 8, meter will shut off then turn back on.
Blank pH calibration
1. Press Calibrate on channel 2.
2. Press "1 " for the choice of buffer solution.
3. Display should show 6.997. If not, enter 6.997 then press YES.90
Appendix A-3 ( continued )
4. Display should show slope, 100.0 PCT. If not, enter 100.0 then press YES.
Blank concentration calibration
1. Press " 2nd " and5keypads to change to channel 1.
2. Press Calibrate and enter one standard solution.
3. Display should show 1.00. If not, enter 1.00 then press YES.
4. Display should show slope, 59.2 MV. If not, enter 59.2 then press YES.
Appendix A-4 Electrodes
Cadmium electrode
1. Concentration range: 0.056112040 mg Cd / L.
2. Temperature range: 0 40 ° C.
3. Interferences: Pb+2, Hg+2, Ni+2, H.
Reference electrode
1. Inner chamber solution: saturated AgC1 solution.
2. Outer chamber solution: 10 % KNO3 solution.
3. Temperature range: 10100 ° C.
pH electrode
1. Chamber solution: 4 M KC1 saturated with AgCl.
2. Temperature range: 0 90 ° C.
3. pH range: 014.
ATC probe
1. Temperature range: 080 ° C.
2. pH range: 014.
3. Accuracy:1 %.91
Appendix A-5 Calculation of Cadmium Ions Concentrations
Variables
Cd+2:free cadmium ion, M
Cd(OH)+, Cd (OH)2°, Cd( OH)3-, Cd(OH)4 -2:soluble cadmium hydroxide complex,
M
Kso :equilibrium constant for cadmium hydroxide precipitation, 10-13'65 M2
Kw :equilibrium constant for water, 10-14 M
108.4, Bi, B2, B3, 1B4 :equilibrium constant for cadmium hydroxide complex; 104.16,
109'1 and 108'8 respectively
:ionic strength, pmho / cm
log[ Cd+2= log Ks02 log Kw2 pH
log[ Cd(OH)+ [ = log Ksc, + log 131log KwpH
0
log[ Cd (OH)2= log Ks0 + log132
log[ Cd( OH)3-= log Ks0 + 1og133 + pH + log Kw
log[ Cd(OH)4 -2= log Ks0 + log134 + 2 log Kw + 2 pHAppendix A-5 ( continued )
Figure A-1 The Log( concentration )- pH diagram for soluble Cd( II) in equilibrium
with Cd( OH )2 (s) at 25 °C and i..i = 0.
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Appendix A-6 Stirred Tank Batch Adsorption Experiment
Preparation of Solutions
Standard Solution Preparation
1. Take x g of cadmium nitrate crystal to add into 220 ml deionized distilled water stored
in 250 ml beaker.
2. Mix thoroughly and it is standard 2.
3. Place 20 ml of standard 2 into 250 ml beaker and add 180 ml deionized distilled water.
4. Stir completely and it is standard 1.
Sample Solution Preparation
1. The same procedure as standard solution 2.
2. Usually, standard solution 2 is sample solution.
Stirred Tank Batch Adsorption Experiment
Procedure
1. Prepare Standard Solutions 1 and 2.
2. Do the blank concentration and pH tests for pH / ISE meter then chose Channel 1.
3. Connect all the probes.
4. Immerse cadmium, reference and ATC probes into standard solution 1 and add 2 ml
ISA into beaker.
5. Stir thoroughly and wait sufficient time to reach 25 ° C.
6. Press Calibrate key and select two standard.
7. Enter exact concentration value, M, at READY CAL AS prompt then press YES.
8. Remove all the electrodes from beaker and clean them.
9. Immerse cadmium, reference and ATC probes back into standard solution 2 and add 2
ml ISA into beaker.94
Appendix A-6 ( continued )
10. Repeat steps 5 and 7.
11. Meter should show slope, within 25 and 30 MV, If not, redo steps 4 to 10.
12. Repeat step 8.
13. Press 2nd and 5 keys to change to channel 2.
14. Immerse pH and ATC probes into buffer solution 1, pH = 4.
15. Repeat steps 5 and 6.
16. Enter 4 at READY CAL AS prompt then press YES.
17. Repeat step 8.
18. Immerse pH and ATC probes back into buffer solution 2, pH= 10.
19. Repeat step 5.
20. Enter 10 at READY CAL AS prompt then press YES.
21. Meter should display the slope, 100.0 PCT. If not, repeat steps 14 to 20.
22. Press Standby key.
23. repeat step 8.
24. Immerse all the electrodes into sample solution ( ie. Standard solution 2).
25. Press 2nd and 5 keys to check the concentration reading to be very close to theexact
concentration value of standard 2. If not, repeat steps 4 to 11.
26. Switch back to channel 2 and link with computer.
27. Weight 0.2 g of 3 mm beads or l mm beads.
28. Start the recording program as pour beads into beaker.
29. Computer program will record the pH and concentration readings and transform the
concentration data from molarity unit to ppm unit.
30. The monitor will also show pH and concentration curve.Appendix A-6 ( continued )
Calculation and Formula
Example Of Standard Solution Calculation (0.0151 M )
Cadmium nitrate data:
purity :98 %
FW :308.47 g / mole
weight :1.0457 g
deionized water :220 mL
1.0457 g 1 1
308.47 g I mole0.22 L(0.98) = 0.0151 ( M )
Loading Calculation
Co :initial concentration( mg Cd / L )
Ce :final concentration or equilibrium concentration( mg Cd / L )
Q :loading ( mg Cd / g )
M :weight of beads ( g )
V :volume of sample solution
( Co Ce ). V
M
..,Q
10-4M.11.204 = PPM
( A1 )
(A- 2 )
9596
Appendix A-7 Shake Flask Experiment
Procedure
1. Prepare two sets of Standard Solutions 2 and one set of Standard Solution 1.
2. Separate 200 ml standard solution 2 equally and place each 100 ml standard 2 into
250 ml flask.
3. Place 1 ml of ISA to each flask.
4. Stir thoroughly.
5. Weigh two sets of 0.1 g beads, flake, or powder and add to each flask.
6. Degas the beads or flake or powder.
7. Adjust the shaker to 120 rpm and set temperature at 25 ° C.
8. Place flasks into shaker and wait sufficient time to reach equilibrium concentration.
9. Pour two sets of 100 mL Standard Solution 2 into a 250 ml beaker and mix
completely.
10. Perform steps 1-25 of the Stirred Tank Adsorption Experiments.
11. Follow the loading calculation formula to calculate the loading of Cd on the
adsorbent.97
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Tabular Data
Table B-1 The Size Measurement of the 3 mm Beads
# Diameter
( cm )
# Diameter
( cm )
# Diameter
( cm )
1 0.3149 18 0.3302 35 0.3251
2 0.3124 19 0.3149 36 0.3302
3 0.3403 20 0.2946 37 0.3251
4 0.3276 21 0.3175 38 0.3098
5 0.3200 22 0.3200 39 0.3149
6 0.3302 23 0.3022 40 0.3200
7 0.3225 24 0.3276 41 0.3098
8 0.3327 25 0.3200 42 0.3149
9 0.3149 26 0.3302 43 0.3276
10 0.3048 27 0.3378 44 0.3200
11 0.3251 28 0.3352 45 0.3352
12 0.3098 29 0.3276 46 0.3200
13 0.3276 30 0.3225 47 0.3149
14 0.3073 31 0.3073 48 0.3124
15 0.3200 32 0.3149 49 0.3073
16 0.3276 33 0.3251 50 0.3149
17 0.3225 34 0.3251
Average size :0.321 ± 0.001 ( cm )98
Table B-2Magnetite Content of Beads
3 mm beads
# Weight of Wet
Beads ( g )
Weight of
Freeze Dried
Beads ( g )
Weight of Dried
Magnetite
Powder ( g )
% wt of
Magnetite Inside
Dried Beads
1 0.2532 0.0230 0.0013 5.60
2 0.3042 0.0268 0.0016 5.97
3 0.2854 0.0261 0.0013 4.98
4 0.3122 0.0282 0.0015 5.32
5 0.2912 0.0263 0.0013 4.94
6 0.3004 0.0274 0.0015 5.47
average :5.38 %
1 mm beads
# Weight of Wet
Beads ( g )
Weight of
Freeze
Dried Beads (g)
Weight of Dried
Magnetite
Powder ( g)
% wt of
Magnetite Inside
Dried Beads
1 1.0729 0.1180 0.0128 10.848
2 1.4752 0.1622 0.0198 12.204
3 1.2077 0.1397 0.0132 9.445
4 1.4660 0.1613 0.0152 9.424
5 1.5194 0.1425 0.0141 9.894
6 1.3368 0.1407 0.0142 10.08
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Table B-4 Stability of Cd Electrode In 109.8 mg / L Cadmium Solution
Within the Stirred Tank
Time ( min )Con.
(mgCd/L)
Time ( min )Con.
(mgCd/L)
Time ( min )Con.
(mgCd/L)
0.000 102.853 350.000 107.783 700.000 108.567
10.000 110.696 360.000 108.231 710.000 108.567
20.000 111.144 370.000 108.231 720.000 108.567
30.000 109.911 380.000 108.231 730.000 108.567
40.000 109.463 390.000 108.231 740.000 108.231
50.000 109.015 400.000 108.231 750.000 108.567
60.000 108.567 410.000 108.231 760.000 108.231
70.000 109.015 420.000 108.231 770.000 108.231
80.000 108.567 430.000 108.567 780.000 108.567
90.000 108.567 440.000 108.567 790.000 108.567
100.000 108.567 450.000 108.231 800.000 107.783
110.000 108.567 460.000 108.231 810.000 108.231
120.000 108.231 470.000 108.567 820.000 108.567
130.000 108.231 480.000 108.231 830.000 108.231
140.000 108.231 490.000 108.567 840.000 108.231
150.000 108.231 500.000 108.567 850.000 108.231
160.000 108.231 510.000 109.015 860.000 108.231
170.000 108.231 520.000 108.567 870.000 108.231
180.000 108.231 530.000 108.567 880.000 108.231
190.000 107.783 540.000 108.231 890.000 108.231
200.000 108.231 550.000 108.567 900.000 108.231
210.000 108.231 560.000 108.231 910.000 108.231
220.000 108.231 570.000 108.231 920.000 108.231
230.000 108.231 580.000 108.231 930.000 108.231
240.000 108.231 590.000 108.567 940.000 108.231
250.000 107.783 600.000 108.567 950.000 108.231
260.000 108.231 610.000 108.567 960.000 108.231
270.000 108.231 620.000 108.567
280.000 108.231 630.000 108.567
290.000 108.231 640.000 108.567
300.000 108.231 650.000 108.231
310.000 108.231 660.000 108.567
320.000 108.231 670.000 108.567
330.000 108.231 680.000 108.231
340.000 108.231 690.000 108.567101
Table B-5Stability of Cd Electrode and pH Electrode in 200 mL Water
Containing 0.2 g of 1 mm Beads
Time ( hours ) Concentration
( mgCd/L)
Time ( hours ) pH
0.004 0.000 0.000 5.505
0.181 0.000 0.177 6.600
0.358 0.000 0.354 6.870
0.535 0.000 0.531 6.993
0.712 0.000 0.708 7.100
0.889 0.000 0.885 7.080
1.066 0.000 1.062 7.108
1.242 0.000 1.238 7.100
1.419 0.000 1.415 7.110
1.596 0.000 1.592 7.103
1.773 0.000 1.769 7.100
1.950 0.000 1.946 7.100
2.127 0.000 2.123 7.093
2.303 0.000 2.299 7.100
2.480 0.000 2.476 7.100
2.657 0.000 2.653 7.103
2.834 0.000 2.830 7.100
3.011 0.000 3.007 7.100
3.188 0.000 3.184 7.101
3.365 0.000 3.361 7.100
3.541 0.000 3.537 7.100
3.718 0.000 3.714 7.100
3.895 0.000 3.891 7.100
4.072 0.000 4.068 7.110
4.249 0.000 4.245 7.110
4.426 0.000 4.422 7.100
4.603 0.000 4.599 7.120
4.780 0.000 4.776 7.116
4.956 0.000 4.952 7.100
5.133 0.000 5.129 7.120
5.310 0.000 5.306 7.110
5.487 0.000 5.483 7.100
5.664 0.000 5.660 7.120
5.841 0.000 5.837 7.118
6.018 0.000 6.014 7.100102
Table B-5( continued )
Time ( hours ) Concentration
( mgCd/L)
Time ( hours ) pH
6.194 0.000 6.190 7.090
6.371 0.000 6.367 7.081
6.548 0.000 6.544 7.100
6.725 0.000 6.721 7.080
6.902 0.000 6.898 7.073
7.079 0.000 7.075 7.100
7.256 0.000 7.251 7.060
7.432 0.000 7.428 7.054
7.609 0.000 7.605 7.000
7.786 0.000 7.782 7.040
7.963 0.000 7.959 7.032
8.140 0.000 8.136 7.000
8.317 0.000 8.313 7.020
8.494 0.000 8.490 7.020
8.671 0.000 8.666 7.000
8.847 0.000 8.843 7.020
9.024 0.000 9.020 7.017
9.201 0.000 9.197 7.000
9.378 0.000 9.374 7.020
9.555 0.000 9.551 7.022
9.732 0.000 9.728 7.000
9.908 0.000 9.904 7.030
10.085 0.000 10.081 7.037
10.262 0.000 10.258 7.000
10.439 0.000 10.435 7.050
10.616 0.000 10.612 7.049
10.793 0.000 10.789 7.000
10.970 0.000 10.966 7.050
11.146 0.000 11.142 7.054
11.323 0.000 11.319 7.100
11.500 0.000 11.496 7.060
11.677 0.000 11.673 7.066
11.854 0.000 11.850 7.100
12.031 0.000 12.027 7.080
12.208 0.000 12.204 7.078103
Table B-5( continued )
Time ( hours ) Concentration
( mgCd/L)
Time ( hours ) pH
12.385 0.000 12.380 7.100
12.561 0.000 12.557 7.080
12.738 0.000 12.734 7.084
12.915 0.000 12.911 7.100
13.092 0.000 13.088 7.090
13.269 0.000 13.265 7.089
13.446 0.000 13.442 7.100
13.622 0.000 13.618 7.090
13.799 0.000 13.795 7.089
13.976 0.000 13.972 7.100
14.153 0.000 14.149 7.090
14.330 0.000 14.326 7.093
14.507 0.000 14.503 7.100
14.684 0.000 14.680 7.100
14.860 0.000 14.856 7.096
15.037 0.000 15.033 7.100
15.214 0.000 15.210 7.100
15.391 0.000 15.387 7.098
15.568 0.000 15.564 7.100
15.745 0.000 15.741 7.100
15.922 0.000 15.918 7.101
16.099 0.000 16.094 7.100
16.275 0.000 16.271 7.110
16.452 0.000 16.448 7.108
16.629 0.000 16.625 7.100
16.806 0.000 16.802 7.110
16.983 0.000 16.979 7.108
17.160 0.000 17.156 7.100
17.336 0.000 17.332 7.110
17.513 0.000 17.509 7.106
17.690 0.000 17.686 7.100
17.867 0.000 17.863 7.110
18.044 0.000 18.040 7.106
18.221 0.000 18.217 7.100
18.398 0.000 18.394 7.110104
Table B-5( continued )
Time ( hours ) Concentration
( mgCd/L)
Time ( hours ) pH
18.575 0.000 18.571 7.106
18.751 0.000 18.747 7.100
18.928 0.000 18.924 7.110
19.105 0.000 19.101 7.111
19.282 0.000 19.278 7.100
19.459 0.000 19.455 7.110
19.636 0.000 19.632 7.115
19.813 0.000 19.809 7.100
19.989 0.000 19.985 7.110105
Table B-6 Stability of Cd Electrode and pH Electrode in 200 mL Water
Containing 0.2 g of Chitosan Flake
Time ( hours ) Concentration
( mgCd/L)
Time ( hours ) pH
0.004 0.002 0.000 5.576
0.181 0.002 0.177 5.800
0.358 0.002 0.354 5.900
0.535 0.002 0.531 5.999
0.712 0.002 0.708 6.100
0.889 0.002 0.885 6.150
1.066 0.001 1.062 6.208
1.242 0.001 1.238 6.300
1.419 0.001 1.415 6.300
1.596 0.001 1.592 6.335
1.773 0.001 1.769 6.400
1.950 0.001 1.946 6.390
2.127 0.001 2.123 6.414
2.304 0.001 2.300 6.400
2.481 0.001 2.476 6.460
2.657 0.001 2.653 6.475
2.834 0.001 2.830 6.500
3.011 0.001 3.007 6.500
3.188 0.001 3.184 6.507
3.365 0.001 3.361 6.500
3.542 0.001 3.538 6.490
3.719 0.001 3.715 6.471
3.896 0.001 3.892 6.500
4.072 0.001 4.068 6.460
4.249 0.001 4.245 6.451
4.426 0.001 4.422 6.500
4.603 0.001 4.599 6.450
4.780 0.001 4.776 6.451
4.957 0.001 4.953 6.500
5.134 0.001 5.130 6.460
5.310 0.001 5.306 6.468
5.487 0.001 5.483 6.500
5.664 0.001 5.660 6.470
5.841 0.001 5.837 6.480
6.018 0.001 6.014 6.500106
Table B-6( continued )
Time ( hours ) Concentration
( mgCd/L)
Time ( hours ) pH
6.195 0.001 6.191 6.530
6.372 0.001 6.368 6.551
6.549 0.001 6.545 6.600
6.725 0.001 6.721 6.600
6.902 0.001 6.898 6.627
7.079 0.001 7.075 6.600
7.256 0.001 7.252 6.670
7.433 0.001 7.429 6.691
7.610 0.001 7.606 6.700
7.787 0.001 7.782 6.730
7.963 0.001 7.959 6.743
8.140 0.001 8.136 6.800
8.317 0.001 8.313 6.770
8.494 0.001 8.490 6.782
8.671 0.001 8.667 6.800
8.848 0.001 8.844 6.800
9.025 0.001 9.021 6.813
9.202 0.001 9.198 6.800
9.378 0.001 9.374 6.830
9.555 0.001 9.551 6.833
9.732 0.001 9.728 6.800
9.909 0.001 9.905 6.840
10.086 0.001 10.082 6.848
10.263 0.001 10.259 6.900
10.439 0.001 10.435 6.860
10.616 0.001 10.612 6.856
10.793 0.001 10.789 6.900
10.970 0.001 10.966 6.860
11.147 0.001 11.143 6.865
11.324 0.001 11.320 6.900
11.501 0.001 11.497 6.870
11.677 0.001 11.673 6.872
11.854 0.001 11.850 6.900
12.031 0.001 12.027 6.880
12.208 0.001 12.204 6.878107
Table B-6( continued )
Time ( hours ) Concentration
( mgCd/L)
Time ( hours ) pH value
12.385 0.001 12.381 6.900
12.562 0.001 12.558 6.880
12.739 0.001 12.735 6.885
12.916 0.001 12.912 6.900
13.092 0.001 13.088 6.890
13.269 0.001 13.265 6.897
13.446 0.001 13.442 6.900
13.623 0.001 13.619 6.900
13.800 0.001 13.796 6.907
13.977 0.001 13.973 6.900
14.154 0.001 14.149 6.920
14.330 0.001 14.326 6.921
14.507 0.001 14.503 6.900
14.684 0.001 14.680 6.930
14.861 0.001 14.857 6.931
15.038 0.001 15.034 6.900
15.215 0.001 15.211 6.940
15.392 0.001 15.388 6.944
15.568 0.001 15.564 6.900
15.745 0.001 15.741 6.950
15.922 0.001 15.918 6.954
16.099 0.001 16.095 7.000
16.276 0.001 16.27/ 6.960
16.453 0.001 16.449 6.963
16.630 0.001 16.626 7.000
16.806 0.001 16.802 6.970
16.983 0.001 16.979 6.970
17.160 0.001 17.156 7.000
17.337 0.001 17.333 6.980
17.514 0.001 17.510 6.976
17.691 0.001 17.687 7.000
17.868 0.001 17.864 6.980
18.045 0.001 18.041 6.978
18.221 0.001 18.217 7.000
18.398 0.001 18.394 6.980108
Table B-6( continued )
Time ( hours ) Concentration
( mgCd/L)
Time ( hours ) pH value
18.575 0.001 18.571 6.981
18.752 0.001 18.748 7.000
18.929 0.001 18.925 6.990
19.106 0.001 19.102 6.990
19.283 0.001 19.279 7.000
19.459 0.001 19.455 7.000
19.636 0.001 19.632 6.998
19.813 0.001 19.809 7.000
19.990 0.001 19.986 7.010109
Table B-7 The Data of Adsorption Kinetics for Cadmium Ions on
Chitosan 3 mm Beads at Low Initial Cadmium Concentration
Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH Time
( hours )
Con.
mgCd /L
Time
( hours )
pH
0.005 13.5570.000 5.615 6.032 9.075 6.028 6.900
0.182 12.6610.178 6.100 6.209 9.154 6.205 6.910
0.359 12.1000.355 6.270 6.387 9.075 6.383 6.914
0.537 11.8760.533 6.374 6.564 9.075 6.560 6.900
0.714 11.6520.710 6.500 6.741 9.075 6.737 6.920
0.891 11.4280.887 6.520 6.918 9.075 6.914 6.926
1.068 11.3161.064 6.569 7.096 9.008 7.092 6.900
1.246 11.0921.242 6.600 7.273 9.008 7.269 6.940
1.423 10.9241.419 6.650 7.450 9.008 7.446 6.939
1.600 10.7451.596 6.674 7.628 9.075 7.623 6.900
1.777 10.6661.773 6.700 7.805 8.941 7.801 6.950
1.955 10.577 1.951 6.720 7.982 9.008 7.978 6.954
2.132 10.3192.128 6.741 8.159 8.941 8.155 7.000
2.309 10.3192.305 6.800 8.337 8.941 8.333 6.960
2.486 10.2402.482 6.780 8.514 8.862 8.510 6.964
2.664 10.1622.660 6.794 8.691 8.941 8.687 7.000
2.841 10.0842.837 6.800 8.868 8.862 8.864 6.970
3.018 9.994 3.014 6.820 9.046 8.862 9.042 6.970
3.196 9.916 3.191 6.834 9.223 8.862 9.219 7.000
3.373 9.837 3.369 6.800 9.400 8.862 9.396 6.970
3.550 9.837 3.546 6.850 9.578 8.862 9.574 6.975
3.728 9.680 3.724 6.861 9.755 8.862 9.751 7.000
3.905 9.680 3.901 6.900 9.932 8.795 9.928 6.980
4.082 9.602 4.078 6.880 10.1098.795 10.1056.983
4.259 9.523 4.255 6.882 10.2878.795 10.2837.000
4.437 9.523 4.433 6.900 10.4648.795 10.4606.990
4.614 9.456 4.610 6.890 10.6418.795 10.6376.992
4.791 9.378 4.787 6.899 10.8188.728 10.8147.000
4.968 9.378 4.964 6.900 10.9968.795 10.9927.000
5.146 9.378 5.142 6.910 11.1738.795 11.1696.998
5.323 9.299 5.319 6.910 11.3508.795 11.3467.000
5.500 9.299 5.496 6.900 11.5278.795 11.5237.000
5.677 9.232 5.673 6.920 11.7058.649 11.7017.005
5.855 9.232 5.851 6.917 11.8828.649 11.8787.000110
Table B-7( continued )
Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH
12.0598.582 12.0557.010 14.1868.582 14.1827.030
12.2378.649 12.2337.012 14.3648.582 14.3607.030
12.4148.728 12.4107.000 14.5418.582 14.5377.000
12.5918.649 12.5877.010 14.7188.515 14.7147.030
12.7688.649 12.7647.017 14.8968.515 14.8927.036
12.9468.649 12.9427.000 15.0738.582 15.0697.000
13.1238.649 13.1197.020 15.2508.582 15.2467.040
13.3008.582 13.2967.022 15.4278.582 15.4237.039
13.4778.649 13.4737.000 15.6058.515 15.6017.000
13.6558.649 13.6517.030 15.7828.582 15.7787.040
13.8328.582 13.8287.027 15.9598.515 15.9557.041
14.0098.582 14.0057.000111
Table B-8 The Data of Adsorption Kinetics for Cadmium Ions on
Chitosan 3 mm Beads at Medium Initial Cadmium Concentration
Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH
0.004 447.0400.000 4.842 5.138 349.5655.134 6.550
0.181 439.1970.177 5.100 5.315 349.5655.311 6.559
0.359 415.6680.354 5.400 5.492 349.5655.488 6.600
0.536 419.0300.532 5.597 5.669 346.2045.665 6.580
0.713 412.3070.709 5.700 5.846 343.9635.842 6.586
0.890 405.5850.886 5.860 6.023 346.2046.019 6.600
1.067 396.6221.063 5.972 6.200 346.2046.196 6.600
1.244 389.8991.240 6.100 6.377 343.9636.373 6.606
1.421 387.6581.417 6.120 6.554 340.6026.550 6.600
1.598 384.2971.594 6.171 6.730 340.6026.726 6.620
1.775 380.9361.771 6.200 6.907 338.3616.903 6.618
1.952 377.5751.947 6.250 7.084 338.3617.080 6.600
2.129 377.5752.125 6.272 7.261 338.3617.257 6.630
2.306 375.3342.302 6.300 7.438 338.3617.434 6.633
2.483 371.9732.479 6.310 7.616 336.1207.612 6.600
2.660 368.6122.656 6.331 7.792 336.1207.788 6.640
2.837 366.3712.833 6.300 7.969 336.1207.965 6.647
3.014 363.0103.009 6.360 8.146 338.3618.142 6.700
3.190 360.7693.186 6.376 8.323 336.1208.319 6.660
3.368 360.7693.364 6.400 8.500 336.1208.496 6.658
3.545 357.4083.541 6.410 8.677 332.7598.673 6.700
3.722 357.4083.718 6.425 8.854 336.1208.850 6.660
3.898 355.1673.894 6.400 9.031 336.1209.027 6.665
4.075 355.1674.071 6.440 9.208 338.3619.204 6.700
4.253 355.1674.249 6.459 9.385 338.3619.381 6.670
4.429 351.8064.425 6.500 9.562 338.3619.558 6.677
4.607 355.1674.603 6.500 9.739 336.1209.735 6.700
4.784 351.8064.780 6.516 9.916 336.1209.912 6.680
4.960 351.8064.956 6.500112
Table B-9 The Data of Adsorption Kinetics for Cadmium Ions on
Chitosan 3 mm Beads at High Initial Cadmium Concentration
Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH
0.004 1691.8040.000 4.442 5.145 1512.5405.141 6.360
0.182 1669.3960.178 4.700 5.322 1534.9485.318 6.368
0.359 1658.1920.355 4.900 5.499 1512.5405.495 6.400
0.536 1646.9880.532 5.103 5.677 1512.5405.672 6.380
0.713 1624.5800.709 5.300 5.854 1512.5405.850 6.390
0.891 1624.5800.887 5.460 6.031 1512.5406.027 6.400
1.068 1602.1721.064 5.590 6.208 1512.5406.204 6.410
1.245 1602.1721.241 5.700 6.386 1512.5406.382 6.422
1.422 1602.1721.418 5.800 6.563 1512.5406.559 6.400
1.600 1602.1721.596 5.879 6.740 1501.3366.736 6.440
1.777 1590.9681.773 5.900 6.917 1512.5406.913 6.452
1.954 1568.5601.950 6.000 7.095 1501.3367.091 6.500
2.131 1568.5602.127 6.051 7.272 1501.3367.268 6.470
2.309 1568.5602.305 6.100 7.449 1501.3367.445 6.474
2.486 1568.5602.482 6.130 7.626 1501.3367.622 6.500
2.663 1568.5602.659 6.165 7.804 1501.3367.800 6.480
2.840 1568.5602.836 6.200 7.981 1501.3367.977 6.488
3.018 1546.1523.014 6.210 8.158 1501.3368.154 6.500
3.195 1546.1523.191 6.234 8.335 1501.3368.331 6.500
3.372 1546.1523.368 6.300 8.513 1512.5408.509 6.503
3.550 1546.1523.546 6.270 8.690 1501.3368.686 6.500
3.727 1546.1523.723 6.286 8.867 1501.3368.863 6.520
3.904 1534.9483.900 6.300 9.044 1501.3369.040 6.518
4.081 1534.9484.077 6.310 9.222 1512.5409.218 6.500
4.259 1534.9484.255 6.320 9.399 1501.3369.395 6.530
4.436 1534.9484.432 6.300 9.576 1501.3369.572 6.532
4.613 1512.5404.609 6.340 9.754 1501.3369.750 6.500
4.790 1512.5404.786 6.346 9.931 1501.3369.927 6.540
4.968 1534.9484.964 6.400113
Table B-10 The Data of Adsorption Kinetics for Cadmium Ions on
Chitosan 1 mm Beads at Low, Initial Cadmium Concentration
Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH
0.004 13.7810.000 5.718 7.253 8.728 7.249 6.900
0.178 12.8850.174 6.104 7.430 8.694 7.426 6.950
0.355 12.1000.350 6.200 7.606 8.694 7.602 6.947
0.531 11.6520.527 6.330 7.783 8.694 7.779 7.000
0.708 11.3160.704 6.402 7.960 8.728 7.956 6.960
0.885 11.0700.881 6.500 8.137 8.694 8.133 6.962
1.062 10.8121.058 6.480 8.314 8.661 8.310 7.000
1.239 10.6101.235 6.509 8.491 8.694 8.487 6.970
1.416 10.4421.412 6.500 8.668 8.728 8.664 6.977
1.593 10.2851.589 6.550 8.844 8.694 8.840 7.000
1.769 10.1961.765 6.569 9.022 8.694 9.017 6.990
1.946 9.960 1.942 6.600 9.198 8.661 9.194 6.989
2.123 9.848 2.119 6.600 9.375 8.627 9.371 7.000
2.300 9.815 2.296 6.610 9.552 8.627 9.548 7.000
2.477 9.703 2.473 6.600 9.729 8.627 9.725 7.001
2.654 9.591 2.650 6.630 9.906 8.627 9.902 7.000
2.831 9.479 2.827 6.653 10.0838.593 10.0797.010
3.008 9.434 3.003 6.700 10.2608.593 10.2567.015
3.184 9.367 3.180 6.690 10.4368.627 10.4327.000
3.361 9.367 3.357 6.703 10.6138.627 10.6097.020
3.538 9.333 3.534 6.700 10.7908.593 10.7867.022
3.715 9.255 3.711 6.730 10.9678.593 10.9637.000
3.892 9.221 3.888 6.744 11.1448.593 11.1407.030
4.069 9.154 4.065 6.800 11.3218.627 11.3177.032
4.246 9.154 4.242 6.770 11.4988.593 11.4947.000
4.423 9.109 4.419 6.782 11.6748.593 11.6707.040
4.600 9.075 4.596 6.800 11.8518.560 11.8477.039
4.776 9.075 4.772 6.800 12.0288.560 12.0247.000
4.953 9.042 4.949 6.804 12.2058.560 12.2017.040
5.130 9.008 5.126 6.800 12.3828.560 12.3787.044
5.307 9.008 5.303 6.830 12.5598.560 12.5557.000
5.484 9.008 5.480 6.842 12.7368.560 12.7327.050
5.661 9.008 5.657 6.900 12.9138.526 12.9097.049
5.838 8.941 5.834 6.860 13.0908.493 13.0867.000
6.014 8.941 6.010 6.859 13.2668.493 13.2627.050
6.192 8.941 6.187 6.900 13.4438.493 13.4397.049
6.368 8.907 6.364 6.890 13.6208.493 13.6167.100
6.545 8.862 6.541 6.904 13.7978.493 13.7937.060
6.722 8.829 6.718 6.900 13.9748.493 13.9707.058
6.899 8.795 6.895 6.93() 14.1518.459 14.1477.100
7.076 8.728 7.072 6.936 14.3288.493 14.3247.060114
Table B-10 ( continued )
Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH
14.5058.493 14.5007.062 19.6348.078 19.6307.030
14.6828.459 14.6787.100 19.8118.078 19.8077.036
14.8588.459 14.8547.060 19.9888.078 19.9847.000
15.0358.459 15.0317.065 20.1658.044 20.1607.050
15.2128.425 15.2087.100 20.3428.044 20.3387.056
15.3898.459 15.3857.070 20.5188.011 20.5147.100
15.5668.425 15.5627.068 20.6958.011 20.6917.070
15.7438.369 15.7397.100 20.8728.011 20.8687.061
15.9208.336 15.9167.070 21.0497.955 21.0457.100
16.0968.269 16.0927.067 21.2267.955 21.2227.060
16.2738.235 16.2697.100 21.4037.921 21.3997.037
16.4508.302 16.4467.060 21.5807.888 21.5767.000
16.6278.302 16.6237.056 21.7567.921 21.7527.010
16.8048.302 16.8007.100 21.9337.955 21.9297.005
16.9818.302 16.9777.060 22.1107.955 22.1067.000
17.1588.269 17.1547.058 22.2877.955 22.2837.000
17.3358.269 17.3307.100 22.4647.955 22.4607.003
17.5128.235 17.5077.050 22.6417.955 22.6377.000
17.6888.201 17.6847.041 22.8187.921 22.8147.020
17.8658.201 17.8617.000 22.9957.921 22.9917.029
18.0428.201 18.0387.020 23.1727.921 23.1687.000
18.2198.168 18.2157.015 23.3487.888 23.3447.040
18.3968.168 18.3927.000 23.5257.888 23.5217.051
18.5738.145 18.5697.010 23.7027.955 23.6987.100
18.7508.145 18.7467.010 23.8797.888 23.8757.070
18.9268.145 18.9227.000 24.0567.865 24.0527.072
19.1038.145 19.0997.010 24.2337.865 24.2297.100
19.2808.112 19.2767.019 24.4107.888 24.4067.080
19.4578.112 19.4537.000115
Table B-11The Data of Adsorption Kinetics for Cadmium Ions on
Chitosan 1 mm Beads at Medium Initial Cadmium
Concentration
Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH
0.004 444.7990.000 5.517 6.209 315.9536.204 6.750
0.181 430.2340.177 6.200 6.386 315.9536.382 6.753
0.359 410.0660.355 6.420 6.563 319.3146.559 6.800
0.536 391.0200.532 6.519 6.740 315.9536.736 6.750
0.713 377.5750.709 6.600 6.918 315.9536.914 6.754
0.890 366.3710.886 6.630 7.095 315.9537.091 6.800
1.068 359.6481.064 6.665 7.272 315.9537.268 6.760
1.245 354.0461.241 6.700 7.450 315.9537.445 6.763
1.422 348.4441.418 6.700 7.627 315.9537.623 6.800
1.599 342.8421.595 6.712 7.804 319.3147.800 6.770
1.777 342.8421.773 6.700 7.981 315.9537.977 6.765
1.954 337.2401.950 6.720 8.159 315.9538.155 6.800
2.131 337.2402.127 6.727 8.336 319.3148.332 6.770
2.309 335.0002.304 6.700 8.513 319.3148.509 6.771
2.486 331.6382.482 6.740 8.690 315.9538.686 6.800
2.663 329.3982.659 6.737 8.868 315.9538.864 6.780
2.840 329.3982.836 6.700 9.045 315.9539.041 6.776
3.018 329.3983.014 6.740 9.222 315.9539.218 6.800
3.195 327.1573.191 6.743 9.400 315.9539.396 6.780
3.372 327.1573.368 6.700 9.577 315.9539.573 6.783
3.550 323.7963.546 6.740 9.754 315.9539.750 6.800
3.727 323.7963.723 6.748 9.931 319.3149.927 6.790
3.904 323.7963.900 6.700 10.109315.95310.1056.788
4.081 321.5554.077 6.750 10.286315.95310.2826.800
4.259 321.5554.255 6.753 10.463315.95310.4596.790
4.436 321.5554.432 6.800 10.640313.71210.6366.792
4.613 319.3144.609 6.750 10.818311.47110.8146.800
4.790 319.3144.786 6.754 10.995308.11010.9916.800
4.968 321.5554.964 6.800 11.172305.86911.1686.795
5.145 319.3145.141 6.750 11.349305.86911.3456.800
5.322 319.3145.318 6.754 11.527301.38811.5236.800
5.499 319.3145.495 6.800 11.704303.62811.7006.798
5.677 319.3145.673 6.750 11.881301.38811.8776.800
5.854 319.3145.850 6.753 12.059301.38812.0556.800
6.031 319.3146.027 6.800 12.236303.62812.2326.802116
Table B-11( continued )
Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH
12.413305.86912.4096.800 14.718301.38814.7146.810
12.590303.62812.5866.800 14.895301.38814.8916.814
12.768303.62812.7646.804 15.072299.14715.0686.800
12.945303.62812.9416.800 15.250301.38815.2456.820
13.122303.62813.1186.800 15.427299.14715.4236.819
13.299303.62813.2956.804 15.604299.14715.6006.800
13.477303..62813.4736.800 15.781301.38815.7776.820
13.654303..62813.6506.810 15.959301.38815.9556.820
13.831301.38813.8276.807
14.009303.62814.0056.800
14.186301.38814.1826.810
14.363303.62814.3596.810
14.540301.38814.5366.800117
Table B-12 The Data of Adsorption Kinetics for Cadmium Ions on
Chitosan 1 mm Beads at High Initial Cadmium Concentration
Time
( hours )
Con..
mg Cd/L
Time
( hours )
pH Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH
0.000 1691.8040.000 4.304 6.196 1288.4606.192 6.600
0.178 1680.4000.173 5.359 6.373 1299.6646.369 6.580
0.355 1613.3760.351 5.800 6.549 1288.4606.545 6.584
0.532 1546.1520.528 5.960 6.726 1299.6646.722 6.600
0.709 1478.9280.705 6.071 6.904 1288.4606.899 6.590
0.886 1434.1120.882 6.200 7.081 1299.6647.077 6.598
1.063 1445.3161.059 6.210 7.258 1299.6647.254 6.600
1.240 1422.9081.236 6.251 7.434 1288.4607.430 6.610
1.417 1411.7041.413 6.300 7.612 1288.4607.608 6.606
1.594 1389.2961.590 6.310 7.789 1299.6647.785 6.600
1.771 1378.0921.767 6.334 7.965 1299.6647.961 6.610
1.948 1366.8881.944 6.400 8.142 1299.6648.138 6.612
2.125 1355.6842.121 6.380 8.319 1299.6648.315 6.600
2.302 1344.4802.298 6.399 8.496 1299.6648.492 6.620
2.479 1344.4802.475 6.400 8.673 1299.6648.669 6.618
2.656 1333.2762.651 6.430 8.850 1310.8688.846 6.600
2.832 1333.2762.828 6.449 9.027 1310.8689.023 6.620
3.010 1333.2763.006 6.500 9.204 1299.6649.200 6.624
3.186 1333.2763.182 6.460 9.381 1310.8689.377 6.600
3.363 1322.0723.359 6.464 9.558 1310.8689.554 6.630
3.541 1322.0723.537 6.500 9.735 1310.8689.731 6.623
3.718 1322.0723.714 6.480 9.913 1299.6649.909 6.600
3.895 1310.8683.891 6.483 10.0891310.86810.0856.620
4.072 1299.6644.068 6.500 10.2661310.86810.2626.623
4.249 1310.8684.245 6.500 10.4431299.66410.4396.600
4.425 1299.6644.421 6.503 10.6201299.66410.6166.630
4.602 1299.6644.598 6.500 10.7981288.46010.7946.629
4.780 1299.6644.776 6.520 10.9741277.25610.9706.600
4.956 1299.6644.952 6.526 11.151 1277.25611.1476.630
5.133 1288.4605.129 6.500 11.3281266.05211.3246.636
5.310 1299.6645.306 6.550 11.5051266.05211.5016.600
5.487 1299.6645.483 6.551 11.6821266.05211.6786.640
5.664 1288.4605.660 6.600 11.8591254.84811.8556.637
5.841 1299.6645.837 6.560 12.0361254.84812.0326.600
6.018 1288.4606.014 6.569 12.2131243.64412.2096.630118
Table B-12 ( continued )
Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH Time
( hours )
Con.
mg Cd/L
Time
( hours )
pH
12.3901243.64412.3866.632 14.3371254.84814.3336.630
12.5671243.64412.5636.600 14.5141243.64414.5106.624
12.7441254.84812.7406.640 14.6911254.84814.6876.600
12.9211243.64412.9176.641 14.8681254.84814.8646.620
13.0981254.84813.0946.600 15.0451243.64415.0416.622
13.2751254.84813.2716.650 15.2221243.64415.2186.600
13.4521266.05213.4486.644 15.3991243.64415.3956.620
13.6291254.84813.6256.600 15.5761243.64415.5726.619
13.8061254.84813.8026.640 15.7531254.84815.7496.600
13.9831254.84813.9796.634 15.9301243.64415.9266.620
14.1601254.84814.1566.600119
Table B-13 The Data of Adsorption Kinetics for Cadmium Ions on
Chitosan Flake and Powder at Low Initial Cadmium
Concentration
:concentration of powder ( mg Cd / L )
C2 :concentration of flake ( mg Cd / L )
Time
( hours )
Cl C2 Time
( hours )
Cl C2
0.004 13.557 12.997 5.677 5.647 7.495
0.182 11.316 11.036 5.854 5.602 7.439
0.359 10.420 10.420 6.032 5.557 7.439
0.536 9.714 10.005 6.209 5.512 7.439
0.713 9.198 9.759 6.386 5.468 7.372
0.891 8.784 9.367 6.563 5.434 7.372
1.068 8.515 9.210 6.741 5.389 7.372
1.245 8.190 9.131 6.918 5.299 7.316
1.423 7.944 8.986 7.095 5.266 7.316
1.600 7.697 8.840 7.272 5.221 7.316
1.777 7.574 8.773 7.450 5.187 7.316
1.954 7.350 8.627 7.627 5.143 7.260
2.132 7.182 8.549 7.804 5.098 7.193
2.309 7.126 8.414 7.982 5.064 7.193
2.486 7.014 8.280 8.159 5.019 7.193
2.663 6.902 8.213 8.336 4.986 7.137
2.841 6.801 8.213 8.513 4.952 7.081
3.018 6.689 8.213 8.691 4.907 7.137
3.195 6.644 8.078 8.868 4.874 7.081
3.372 6.543 8.011 9.045 4.829 7.081
3.550 6.487 8.011 9.213 4.795 7.025
3.727 6.386 7.876 9.400 4.762 7.025
3.904 6.297 7.809 9.577 4.717 6.969
4.082 6.241 7.809 9.754 4.683 6.969
4.259 6.196 7.809 9.932 4.650 6.969
4.436 6.095 7.753 10.109 4.616 6.902
4.613 6.050 7.686 10.286 4.582 6.846
4.791 5.916 7.619 10.463 4.582 6.846
4.968 5.916 7.619 10.641 4.504 6.846
5.145 5.871 7.619 10.818 4.470 6.790
5.322 5.781 7.563 10.995 4.437 6.790
5.500 5.736 7.495 11.172 4.403 6.790120
Table B-13( continued )
Time
( hours )
Cl C2 Time
( hours )
Cl C2
11.350 4.403 6.734 17.732 3.574 6.263
11.527 4.370 6.734 17.909 3.540 6.263
11.704 4.336 6.734 18.086 3.518 6.207
11.881 4.302 6.689 18.263 3.484 6.151
12.059 4.269 6.689 18.441 3.462 6.151
12.236 4.235 6.689 18.618 3.440 6.106
12.413 4.235 6.633 18.795 3.406 6.106
12.591 4.168 6.689 18.972 3.406 6.106
12.768 4.168 6.633 19.150 3.406 6.106
12.945 4.134 6.577 19.327 3.406 6.050
13.122 4.112 6.577 19.504 3.384 6.106
13.300 4.112 6.577 19.681 3.361 6.050
13.477 4.078 6.521 19.859 3.361 6.050
13.654 4.045 6.577 20.036 3.361 6.005
13.832 4.011 6.521 20.213 3.305 6.005
14.009 4.011 6.577 20.391 3.305 6.005
14.186 3.977 6.521 20.568 3.283 6.005
14.363 3.977 6.521 20.745 3.249 6.005
14.541 3.955 6.465 20.922 3.249 6.005
14.718 3.921 6.465 21.100 3.204 5.961
14.895 3.888 6.465 21.277 3.204 5.961
15.073 3.888 6.465 21.454 3.204 5.961
15.250 3.865 6.465 21.632 3.204 5.961
15.427 3.832 6.420 21.809 3.182 5.961
15.604 3.798 6.420 21.986 3.182 5.905
15.782 3.776 6.420 22.163 3.160 5.905
15.959 3.742 6.420 22.341 3.126 5.905
16.136 3.742 6.420 22.518 3.126 5.860
16.313 3.709 6.420 22.695 3.126 5.860
16.491 3.709 6.420 27.872 3.104 5.860
16.668 3.686 6.420 23.050 3.104 5.860
16.845 3.653 6.364 23.277 3.081 5.860
17.022 3.653 6.364 23.404 3.081 5.815
17.200 3.630 6.308 23.582 3.059 5.815
17.377 3.596 6.308 23.759 3.059 5.860
17.554 3.596 6.263 23.936 3.036 5.759121
Table B-14 The Data of Adsorption Kinetics for Cadmium Ions on
Chitosan Flake and Powder at Medium Initial Cadmium
Concentration
Cl :concentration of powder ( mg Cd / L )
C2 :concentration of flake ( mg Cd / L )
Time
( hours )
Cl C2 Time
( hours )
Cl C2
0.004 449.280 449.280 5.667 352.926 373.093
0.181 462.725 445.919 5.844 349.565 376.454
0.358 456.003 439.197 6.020 349.565 373.093
0.535 442.558 431.354 6.198 345.083 373.093
0.712 439.197 427.993 6.375 341.722 373.093
0.889 425.752 421.270 6.552 339.481 367.491
1.066 420.150 421.270 6.728 337.240 373.093
1.243 410.066 417.909 6.905 337.240 373.093
1.420 401.103 411.187 7.083 337.240 376.454
1.597 397.742 404.464 7.259 333.879 373.093
1.774 392.140 404.464 7.436 331.638 373.093
1.951 386.538 401.103 7.614 329.398 373.093
2.128 386.538 397.742 7.790 329.398 373.093
2.305 379.816 394.381 7.967 329.398 373.093
2.482 377.575 394.381 8.144 329.398 367.491
2.659 374.214 394.381 8.321 329.398 373.093
2.836 371.973 392.140 8.499 329.398 373.093
3.013 371.973 392.140 8.676 329.398 373.093
3.190 368.612 392.140 8.853 327.157 373.093
3.367 368.612 392.140 9.030 327.157 376.454
3.544 366.371 388.779 9.207 324.916 373.093
3.721 363.010 388.779 9.384 324.916 373.093
3.898 363.010 385.418 9.560 324.916 373.093
4.075 360.769 382.056 9.737 321.555 373.093
4.251 358.528 382.056 9.915 321.555 373.093
4.428 358.528 378.695 10.091 319.314 373.093
4.605 358.528 382.056 10.269 319.314 373.093
4.782 355.167 378.695 10.446 317.073 373.093
4.959 355.167 378.695 10.622 314.832 373.093
5.136 349.565 376.454 10.799 314.832 373.093
5.313 352.926 376.454 10.977 312.592 373.093
5.489 352.926 376.454 11.153 310.351 376.454122
Table B-14(continued )
Time
( hours )
Cl C2 Time
( hours )
C 1 C2
11.330 310.351 373.093 15.755 300.267 373.093
11.507 308.110 376.454 15.932 300.267 373.093
11.684 308.110 373.093 16.109 300.267 376.454
11.861 305.869 373.093 16.286 300.267 373.093
12.038 302.508 376.454 16.463 300.267 373.093
12.215 302.508 373.093 16.640 298.026 373.093
12.392 302.508 373.093 16.817 300.267 373.093
12.569 300.267 373.093 16.994 300.267 373.093
12.746 300.267 373.093 17.171 298.026 373.093
12.923 300.267 373.093 17.348 300.267 378.695
13.100 300.267 376.454 17.525 302.508 373.093
13.277 298.026 373.093 17.702 302.508 373.093
13.454 298.026 373.093 17.879 300.267 373.093
13.631 298.026 376.454 18.056 300.267 376.454
13.808 300.267 376.454 18.233 300.267 373.093
13.985 302.508 373.093 18.410 302.508 373.093
14.162 302.508 373.093 18.587 300.267 376.454
14.339 302.508 373.093 18.764 300.267 373.093
14.516 300.267 378.695 18.941 300.267 373.093
14.693 300.267 376.454 19.118 300.267 376.454
14.870 302.508 373.093 19.295 300.267 373.093
15.047 300.267 373.093 19.472 300.267 373.093
15.224 302.508 378.695 19.649 302.508 373.093
15.401 300.267 373.093 19.826 300.267 373.093
15.578 300.267 373.093123
Table B-15 The Data of Adsorption Kinetics for Cadmium Ions on
Chitosan Flake and Powder at High Initial Cadmium
Concentration
Cl :concentration of powder ( mg Cd / L )
C2 :concentration of flake ( mg Cd / L )
Time
( hours )
Cl C2 Time
( hours )
Cl C2
0.004 1691.804 1680.600 5.667 1400.500 1484.530
0.181 1680.600 1674.998 5.844 1411.704 1477.808
0.358 1666.035 1662.674 6.021 1389.296 1477.808
0.535 1648.108 1650.349 6.198 1378.092 1477.808
0.712 1635.784 1639.145 6.375 1389.296 1484.530
0.889 1613.376 1621.219 6.551 1378.092 1484.530
1.066 1579.764 1613.376 6.728 1378.092 1477.808
1.243 1568.560 1590.968 6.905 1366.888 1484.530
1.420 1557.356 1577.523 7.082 1355.684 1477.808
1.597 1546.152 1568.560 7.260 1355.684 1477.808
1.774 1534.948 1557.356 7.436 1344.480 1477.808
1.951 1512.540 1551.754 7.613 1333.276 1477.808
2.127 1501.336 1546.152 7.791 1333.276 1472.206
2.304 1490.132 1541.670 7.967 1322.072 1472.206
2.481 1467.724 1534.948 8.145 1322.072 1467.724
2.658 1467.724 1529.346 8.322 1310.868 1467.724
2.835 1456.520 1522.624 8.498 1310.868 1472.206
3.012 1445.316 1518.142 8.676 1322.072 1467.724
3.189 1445.316 1512.540 8.852 1299.664 1467.724
3.366 1434.112 1504.697 9.029 1299.664 1467.724
3.543 1422.908 1501.336 9.206 1288.460 1472.206
3.720 1422.908 1512.540 9.383 1288.460 1467.724
3.897 1411.704 1501.336 9.560 1288.460 1467.724
4.074 1411.104 1499.095 9.737 1277.256 1467.724
4.251 1422.908 1501.336 9.914 1288.460 1467.724
4.428 1422.908 1489.012 10.091 1288.460 1467.724
4.605 1411.704 1489.012 10.268 1288.460 1467.724
4.782 1400.500 1489.012 10.445 1288.460 1467.724
4.959 1422.908 1484.530 10.622 1299.664 1467.724
5.136 1411.704 1489.012 10.799 1277.256 1467.724
5.313 1411.704 1484.530 10.976 1277.256 1467.724
5.489 1411.704 1484.530 11.153 1277.256 1467.724124
Table B-15( continued )
Time
( hours )
Cl C2 Time
( hours )
Cl C2
11.330 1277.256 1467.724 13.808 1277.256 1467.724
11.507 1288.460 1467.724 13.985 1277.256 1467.724
11.684 1277.256 1467.724 14.162 1288.460 1467.724
11.861 1277.256 1472.206 14.339 1277.256 1472.206
12.038 1277.256 1472.206 14.516 1277.256 1467.724
12.215 1277.256 1467.724 14.693 1277.256 1467.724
12.392 1277.256 1467.724 14.870 1277.256 1467.724
12.569 1277.256 1467.724 15.047 1277.256 1467.724
12.746 1277.256 1467.724 15.224 1288.460 1467.724
12.923 1288.460 1467.724 15.401 1277.256 1467.724
13.100 1277.256 1477.808 15.578 1277.256 1467.724
13.277 1277.256 1472.206 15.755 1277.256 1467.724
13.454 1277.256 1467.724 15.932 1277.256 1467.724
13.631 1277.256 1467.724125
Table B-16 The Data of Adsorption Kinetics for Cadmium Ions on Ion
Exchange Resin ( Rohm & Haas Amberlite IRC-718 ) at
Low Initial Cadmium Concentration
Time
( hours )
Con.
( mg Cd / L )
Time
( hours )
Con.
( mg Cd / L )
Time
( hours )
Con.
( mg Cd / L )
0.004 13.109 5.664 8.235 11.324 6.084
0.181 12.436 5.841 8.168 11.502 6.005
0.358 12.100 6.018 8.078 11.678 5.938
0.535 11.764 6.195 8.0] 1 11.855 5.893
0.712 11.540 6.372 7.921 12.032 5.826
0.889 11.316 6.549 7.798 12.209 5.781
1.066 11.114 6.726 7.708 12.386 5.669
1.243 10.935 6.903 7.675 12.563 5.624
1.419 10.767 7.080 7.563 12.740 5.557
1.596 10.644 7.256 7.507 12.916 5.512
1.773 10.521 7.433 7.473 13.093 5.456
1.950 10.364 7.610 7.383 13.270 5.389
2.127 10.196 7.787 7.305 13.447 5.344
2.304 10.117 7.964 7.271 13.624 5.266
2.481 10.039 8.141 7.193 13.801 5.221
2.657 9.927 8.318 7.159 13.978 5.165
2.834 9.736 8.494 7.103 14.154 5.109
3.011 9.624 8.671 7.081 14.332 5.064
3.188 9.479 8.848 6.991 14.508 5.031
3.365 9.400 9.025 6.969 14.685 4.963
3.542 9.288 9.702 6.890 14.862 4.907
3.719 9.154 9.379 6.812 15.039 4.851
3.896 9.008 9.556 6.756 15.216 4.795
4.073 8.941 9.733 6.678 15.393 4.739
4.249 8.829 9.910 6.599 15.570 4.683
4.426 8.762 10.086 6.521 15.746 4.627
4.603 8.661 10.263 6.476 15.923 4.594
4.780 8.627 10.440 6.397 16.100 4.538
4.957 8.560 10.617 6.319 16.277 4.437
5.134 8.493 10.794 6.274 16.454 4.381
5.311 8.425 10.971 6.196 16.631 4.302
5.488 8.369 11.148 6.129 16.808 4.280126
Table B-16( continued )
Time
( hours )
Con.
( mg Cd / L )
Time
( hours )
Con.
( mg Cd / L )
Time
( hours )
Con.
( mg Cd /L )
16.985 4.224 22.998 2.790 29.012 1.905
17.162 4.134 23.175 2.756 29.189 1.882
17.338 4.123 23.352 2.734 29.366 1.860
17.515 4.056 23.529 2.700 29.543 1.837
17.692 4.045 23.706 2.655 29.720 1.826
17.869 4.000 23.883 2.622 29.897 1.815
18.046 3.944 24.060 2.599 30.073 1.781
18.223 3.899 24.237 2.577 30.250 1.770
18.400 3.854 24.413 2.532 30.427 1.748
18.576 3.809 24.590 2.510 30.604 1.737
18.753 3.765 24.767 2.465 30.781 1.714
18.930 3.720 24.944 2.442 30.958 1.703
19.107 3.664 25.121 2.398 31.135 1.681
19.284 3.630 25.298 2.375 31.312 1.658
19.461 3.585 25.475 2.330 31.488 1.647
19.638 3.552 25.652 2.308 31.665 1.636
19.815 3.496 25.828 2.286 31.842 1.613
19.992 3.462 26.005 2.252 32.019 1.602
20.168 3.417 26.182 2.241 32.196 1.580
20.345 3.361 26.359 2.207 32.373 1.569
20.522 3.328 26.536 2.174 32.550 1.557
20.699 3.277 26.713 2.151 32.727 1.546
20.876 3.238 26.890 2.129 32.903 1.524
21.053 3.204 27.067 2.084 33.080 1.501
21.230 3.148 27.243 2.073 33.257 1.490
21.406 3.115 27.420 2.028 33.434 1.479
21.583 3.081 27.597 2.028 33.611 1.468
21.760 3.036 27.774 2.006 33.788 1.445
21.937 2.991 27.951 1.994 33.965 1.434
22.114 2.947 28.128 1.983 34.142 1.423
22.291 2.924 28.305 1.972 34.318 1.412
22.468 2.879 78.482 1.949 34.495 1.389
22.645 2.846 28.658 1.927 34.672 1.378
22.822 2.812 28.835 1.916 34.849 1.356127
Table B-16 ( continued )
Time
( hours )
Con.
( mg Cd / L)
Time
( hours )
Con.
( mg Cd / L)
Time
( hours )
Con.
( mg Cd /L )
35.026 1.344 36.795 1.210 38.563 1.111
35.203 1.333 36.972 1.210 38.740 1.098
35.380 1.322 37.149 1.199 38.917 1.090
35.557 1.311 37.325 1.188 39.094 1.081
35.733 1.288 37.502 1.176 39.271 1.069
35.910 1.277 37.679 1.165 39.448 1.057
36.087 1.266 37.856 1.143 39.625 1.049
36.264 1.255 38.033 1.143 39.802 1.040
36.441 1.244 38.210 1.132 39.979 1.032
36.618 1.232 38.387 1.120128
Table B-17 The Data of Adsorption Kinetics for Cadmium Ions on Ion
Exchange Resin ( Rohm & Haas Amberlite IRC-718 ) at
Medium Initial Cadmium Concentration
Time
( hours )
Con.
( mg al / L )
Time
( hours )
Con.
( mg Cd /L )
Time
( hours )
Con.
( mg Cd /L )
0.004 439.197 6.031 326.036 12.058 323.796
0.181 411.187 6.208 326.036 12.236 320.434
0.359 391.020 6.386 323.796 12.413 323.796
0.536 375.334 6.563 326.036 12.590 323.796
0.713 368.612 6.740 326.036 12.767 323.796
0.890 359.648 6.917 323.796 12.944 323.796
1.068 351.806 7.095 326.036 13.121 323.796
1.245 348.444 7.272 323.796 13.298 323.796
1.422 345.083 7.449 323.796 13.476 323.796
1.599 345.083 7.626 323.796 13.653 323.796
1.777 339.481 7.804 323.796 13.830 320.434
1.954 339.481 7.981 323.796 14.007 320.434
2.131 337.240 8.158 323.796 14.184 323.796
2.309 331.638 8.335 320.434 14.362 320.434
2.486 329.398 8.513 323.796 14.539 320.434
2.663 329.398 8.690 323.796 14.716 318.194
2.840 326.036 8.867 323.796 14.893 318.194
3.018 323.796 9.045 320.434 15.071 312.592
3.195 323.796 9.222 323.796 15.248 312.592
3.372 320.434 9.399 323.796 15.425 312.592
3.550 320.434 9.576 323.796 15.602 310.351
3.727 320.434 9.754 320.434 15.780 310.351
3.904 320.434 9.931 323.796 15.957 310.351
4.081 320.434 10.108 323.796 16.134 310.351
4.258 320.434 10.285 323.796 16.312 308.110
4.436 320.434 10.463 320.434 16.489 308.110
4.613 320.434 10.640 323.796 16.666 308.110
4.790 323.796 10.817 323.796 16.843 308.110
4.967 323.796 10.995 320.434 17.021 308.110
5.145 323.796 11.172 323.796 17.198 312.592
5.322 323.796 11.349 323.796 17.375 312.592
5.499 323.796 11.526 323.796 17.553 310.351
5.676 326.036 11.704 323.796 17.730 310.351
5.854 323.796 11.881 320.434 17.907 310.351129
Table B-17 ( continued )
Time Con. Time Con. Time Con.
( hours ) ( mg Cd / L)( hours ) ( mg Cd / L)( hours ) ( mg Cd /L )
18.084 310.351 18.793 310.351 19.502 315.953
18.262 310.351 18.971 310.351 19.679 315.953
18.439 310.351 19.148 312.592
18.616 310.351 19.325 315.953130
Table B-18 The Data of Adsorption Kinetics forCadmium Ions on Ion
Exchange Resin ( Rohm & Haas Amberlite IRC-718) at
High Initial Cadmium Concentration
Time
( hours )
Con.
( mg Cd / L )
Time
( hours )
Con.
( mg Cd / L )
Time
( hours )
Con.
( mg Cd / L )
0.004 1691.804 5.675 1142.808 11.348 1110.316
0.181 1534.948 5.853 1142.808 11.525 1110.316
0.359 1445.316 6.030 1142.808 11.702 1110.316
0.536 1378.092 6.207 1142.808 11.880 1110.316
0.713 1333.276 6.385 1131.604 12.057 1101.353
0.890 1299.664 6.562 1142.808 12.234 1110.316
1.068 1266.052 6.739 1131.604 12.412 1110.316
1.245 1254.848 6.916 1131.604 12.589 1110.316
1.422 1232.440 7.094 1142.808 12.766 1110.316
1.599 1221.236 7.271 1142.808 12.943 1110.316
1.777 1210.032 7.448 1142.808 13.121 1101.353
1.954 1198.828 7.625 1142.808 13.298 1110.316
2.131 1198.828 7.803 1131.604 13.475 1110.316
2.308 1187.624 7.980 1131.604 13.652 1110.316
2.486 1187.624 8.157 1131.604 13.830 1110.316
2,663 1176.420 8.334 1119.280 14.007 1110.316
2.840 1176.420 8.512 1110.316 14.184 1110.316
3.016 1176.420 8.689 1110.316 14.362 1110.316
3.194 1165.216 8.866 1101.353 14.539 1092.390
3.371 1165.216 9.043 1101.353 14.716 1092.390
3.548 1165.216 9.221 1101.353 14.893 1101.353
3.726 1142.808 9.398 1092.390 15.070 1092.390
3.903 1154.012 9.575 1092.390 15.248 1092.390
4.080 1154.012 9.753 1092.390 15.425 1092.390
4.257 1142.808 9.930 1083.427 15.602 1092.390
4.435 1142.808 10.107 1092.390 15.779 1074.464
4.612 1142.808 10.284 1101.353 15.957 1074.464
4.789 1142.808 10.462 1092.390
4.966 1142.808 10.639 1110.316
5.144 1131.604 10.816 1110.316
5.321 1142.808 10.993 1110.316
5.498 1142.808 11.171 1110.316Appendix C
Computer Interfacing Diagram and Programs
Figure C-1 Cabling Diagram
Computer
( B )
pH / ISE Meter
( A )
2 3 4 5
00000
6 7 8 9
0000
131
12345678910111213
0 0 0 0 0 0 0 0 0 0 0 0 0
14151617181920212223
0 0 0 0 0 0 0 0 0 0
Connections :A2- B2
A3- B3
A5- B7
A7- B5
A8- B4
B6- B21
A ground- B1132
Appendix C-2 Software Interface Program for pH / ISE Meter and pH / Cd
Electrodes
2 'ON ERROR GOTO 990
5 CLS:INPUT "NAME OF DATAFILE";DF1LE$:PRINT
10 INPUT "MAXIMUM PH VALUE";PHMAX
20 INPUT "MINIMUM PH";PHMIN:PRINT
30 INPUT "MAXIMUM CONCENTRATION (PPM)";PPM.MAX
40 INPUT "MINIMUM CONCENTRATION";PPM.MIN:PRINT
45 INPUT "SAMPLE TIME (HOURS)' ;TMAX
47 INPUT "TIME INTERVAL (MINUTES)";TINT:TIME.INT=TINT*60
50 OPEN "COM2:1200,N,8,1" AS #1
55 OPEN DFILE$ FOR OUTPUT AS #2
80 CLS:SCREEN 2
100 PRINT " HIT ANY KEY TO BEGIN..."
102 IF PHMAX<1 THEN PRINT USING ".##";PHMAX:GOTO 107
105 PRINT USING "###";PHMAX
107 PRINT: PRINT: PRINT :PRINT:PRINT:PRINT:PRINT:PRINT
108 IF PHMIN<1 AND PHMIN<>0 THEN PRINT USING " .#1#";PHMIN:GOTO
115
110 PRINT USING"##.#";PHMIN
115 IF PPM.MAX<1 THEN PRINT:PRINT USING ".####";PPM.MAX:GOTO 130
120 PRINT:PRINT USING " ####.#";PPM.MAX
130 PRINT:PRINT:PRINT:PRINT:PR1NT:PRINT:PRINT:PRINT
132 IF PPM.MIN<1 AND PPM.MIN<>0 THEN PRINT USING ".####
";PPM.M1N:GOTO 140
134 PRINT USING "####.# ";PPM.MIN
140 IF TMAX<10 THEN PRINT USING" 0.0 #.## #.###.##
#.###.t#t";(TMAX/5);(2*TMAX/5);(3*TMAX/5);(4*TMAX/5);TMAX:GOTO 320
142 PRINT USING" 0.0##.###.###.###.#
##.#";(TMAX./5);(2*TMAX/5);(3*TMAX/5);(4*TMAX/5);TMAX
320 KEY OFF
330 GOSUB 5000
400 JJ$="BM+5,-7"
440 LINE(84,12)-(84,84),1
450 FOR Y=12 TO 84 STEP 18
460XC=74:W=10
470LINE(XC,Y)-(XC+W,Y),1
480 NEXT Y
490 LINE(84,84)-(484,84)
500FOR X=84 TO 484 STEP 80
510YC=87:W=3
520LINE(X,YC)-(X,YC-W),1
530 NEXT X133
Appendix C-2 ( continued )
540 LINE(84,100)-(84,172),1
550 FOR Y=100 TO 172 STEP 18
560XC=74:W=10
570LINE(XC,Y)-(XC+W,Y),1
580 NEXT Y
590 LINE(84,172)-(484,172),1
600 FOR X=84 TO 484 STEP 80
610YC=172:W=3
620LINE(X,YC)-(X,YC-W),1
630 NEXT X
640 DRAW "BM220,192":DRAW T$:DRAW JJ$:DRAW IS:DRAW JJ$:DRAW
M$:DRAW JJ$:DRAW E$
650 LINE(263,196)-(269,196),1
660 DRAW "BM279,192"
:DRAW H$:DRAW JJ$:DRAW O$:DRAW JJ$:DRAW U$:DRAW JJ$:DRAW
R$:DRAW JJ$:DRAW S$
670 DRAW "A1;S8;BM23,52":DRAW P$:DRAW JJ$:DRAW H$
680 DRAW "BM23,144":DRAW P$:DRAW JJ$:DRAW P$:DRAW JJ$:DRAW M$
690 DRAW "A0;S4"
880 B$= INPUT$(1):TIME$= "00:00:00"
890 VIEW (150,0)-(639,17):CLS:VIEW
900 PRINT #1 ,"rem":TTW=0
910 PRINT #1,"disp":TL=TIMER/3600
915 IF (24*TTW+TIMER/3600)>TMAX THEN 2000
920 GOSUB 1090
930 A$= INPUT$(LOC(1),1)
940 FOR Q=1 TO LEN(A$)
950 MM$= MID$(A$,Q,2)
960IF MM$ = "pH" THEN 1020
970IF MMS="co" THEN 1030
980 NEXT Q
985 PRINT "turnitml"-END
990 PRINT:PRINT "**Error # ";ERR; "**":PRINT #1,"exit":END
1000 PRINT #1,"ech":GOSUB 1090
1010 GOTO 910
1020 FOR 1=5 TO 7
1021 TMPH= VAL(MID$(A$,Q- I,Q -I +2))
1022 IF TMPH<>0 THEN PH=TMPH
1023 NEXT I
1024 TPH=TL+24*TTW:GOTO 1000
1030 FOR J=5 TO 7
1031 TMCONC=VAL(MIDS(A$,Q-J,Q-J-4-2))134
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1032 IF TMCONC<>0 THEN CONC=TMCONC
1033 NEXT 7
1034 TCONC= TL +24 *TTW:PPM =CONC* 11.204
1040 PRINT #1,"ech"
1045 WRITE #2,TCONC,PPM,TPH,PH
1050 SP=INT(12+72/(PHMIN-PHMAX)*(PH-PHMAX))
1060 STPH=INT(484+400*(TPH-TMAX)/TMAX):STCONC=INT(484+400*(TCONC-
TMAX)/I'MAX)
1070 SC=INT(100+72*(PPM-PPM.MAX)/(PPM.MIN-PPM.MAX))
1080 PSET(STPH,SP):PSET(STCONC,SC):GOTO 1130
1090 TH=TIMER+7
1099 IF TH>86400! THEN GOTO 1112
1100 WHILE TH>TIMER
1110 WEND
1111 GOTO 1120
1112 WHILE .014'IMER
1113 WEND
1114 WHILE TH- 86400!> TIMER
1115 WEND
1116 ITW=TTW+1
1120 RETURN
1130 TH=TIMER+TIME.INT
1135 IF TH>86400! THEN GOTO 1170
1140 WHILE TH>TIMER
1150 WEND
1160 GOTO 910
1170 WHILE 1004TdMER
1173 WEND
1175 WHILE (TH-86400!)>TIMER
1178 WEND
1180 TTW=TI'W+1
1185 GOTO 910
2000 GOSUB 1090
2002 PRINT #1,"exit"
2004 GOSUB 1090
2010 END
5000 '
5002 'Subroutine 'LEITERS'
5004 A$="BR5BD3L5ND4U2E1R3F1D6"
5006 B$="ND3R4F1D1G1L4D4R4E1U2H1BD4BR1"
5008 C$="BR5BD1H1L3G1D5F1R3E1BD1"
5010 D$="ND7R4F1D5G1L4BR5"135
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5012 E$="NR5D3NR4D4R5"
5014 F$="NR5D3NR4D4BR5"
5016 G$="BR5L4G1D5F1R3E1U2L2BD3BR2"
5018 H$="D3ND4R5NU3D4"
5020 I$="R1NR1D7NL1R1"
5022 J$="BD5D1F1R3E1U6BD7"
5024 K$="D3NE3ND4F4"
5026 L$="D7R5"
5028 M$="ND7F3E3D7"
5030 N$="ND7F7NU7"
5032 0$="BD1D5F1R3E1U5H1L3G1BD6BR5"
5034 P$="ND3R4F1D1G1L4D4BR5"
5036 Q$="BD1D5F1R3E1U5H1L3G1BD4BR3F2"
5038 R$="ND7R4F1D1G1L4F4BR1"
5040 S$="BR5L4G1D1F1R3F1D2G1L4BR5"
5042 T$="R3NR3D7BR3"
5044 U$="D6F1R3E1U6BD7"
5046 V$="D4F3E3U4BD7"
5048 W$="D7E3F3U7BD7"
5050 X$="F3NE3D1NG3F3"
5052 Y$="F3NE3D4BR3"
5054 Z$="R7G7R7"
5056 N0$="BR4BD7E1U5H1L3G1D5F1R3BR1"
5058 N1$="BD1E1D7NL1R1"
5060 N2$="BD1E1R3F1D1G1L3G1D3R5"
5062 N3$="BD1E1R3F1D1G1NL3F1D2G1L3H1BR5BD1"
5064 N4$="BR5G5R5NR1NU5D2BR1"
5066 N5$="BR5L5D3R4F1D2G1L3H1BR5BD1"
5068 N6$="BR5BD1H1L3G1D5F1R3E1U2H1L3G1BD3BR5"
5070 N7$="BD1U1R5D7"
5072 N8$="BR1BD3H1U1E1R3F1D1G1L3G1D2F1R3E1U2H1BD4BR1"
5074 N9$="BR5BD3G1L3H1U2E1R3F1D5G1L3H1BR5BD1"
5075 PER$="D2R2U2L2BR7G7BR7U2L2D2R2"
5076 '
5080 RETURN